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The single function of the muscle 
is just to make 
the two opposing shells unite 
in existence, 
which we call the creature itself. 
    
A giant clam 
is expressed along those fleshy lips 
that are alive 
with multitudinous lidless eyes, 
omniscient. 
    
And yet perennially conscious 
of nothing much 
beyond that converging existence 
—the silent monster 
invites a kind of sullen worship. 
    
It represents 
no other images or frictions 
but the awareness 
of the single fact of itself, 
and that is all. 
 
Peter John Kirkpatrick (1981) Poetry Australia, 77 
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SUMMARY 
Giant clams (Bivalvia: Cardiidae: Tridacninae) are the largest bivalve 
molluscs in the world, some growing to over a meter long and weighing more 
than 300 kg. These brilliantly colourful invertebrates are mostly found on the 
coral reefs across the tropical Indo-Pacific. Giant clams were once common 
in Singapore, but their numbers are now extremely low⎯due to the damaging 
impacts of coastal development, habitat degradation, and ongoing sediment 
pollution. My thesis provides a comprehensive assessment of the giant clams 
in Singapore, examining key questions that will serve to facilitate 
conservation of the existing populations and prioritise their protection on 
Singapore’s reefs. 
 
My thesis is presented in three parts (Fig. 1). In Part I, I first review the 
ecological significance of giant clams on coral reefs (Chapter 2). Although this 
has been alluded to previously, here I quantify their contribution to productivity 
on reefs, as providers of biomass (for food), calcium carbonate budgets, 
filtration functions, and their ability to provide microhabitats to reef organisms 
and zooxanthellae. As there had been no review consolidating what was 
known of giant clams in Singapore, in Chapter 3 I review their history, 
research, and conservation in this small city-state. The chapter includes 
evidence from 14th century archaeological finds and an 1847 publication citing 
the presence of Tridacna gigas locally (but it was probably extirpated over a 
century ago). The latter part of the paper examines contemporary issues with 





Figure 1. Venn diagram illustrating the connections among the three parts of my 
thesis. 
 
In Part II, I present the results of my reef surveys (which covered 
87,515 m2 and encompassed 29 sites) and population genetics (Chapter 4), 
and also dispersal modelling (Chapter 5). Coral reefs of Singapore once 
supported five giant clam species; however, only three species are now 
encountered, and only in extremely low densities. These results also show 
that local populations are probably already functionally extinct as they are 
reproductively isolated (component Allee effects) and are unlikely to fertilise 
conspecifics. Additionally, in Chapter 6, I reassess and update the local 
conservation statuses of the five species known to have been present at 
some time in Singapore⎯T. maxima and T. squamosa are “critically 
endangered”, and T. crocea is “endangered”, while Hippopus hippopus and T. 
gigas are “presumed nationally extinct”. These nuanced statuses are of 
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greater value than regional level IUCN-type classifications when planning 
local conservation strategies for specific species. 
 
Lastly, in Part III, I conducted various larvae-based experiments to 
better understand the early life autecology of the fluted giant clam, T. 
squamosa. Chapter 7 describes the procedures of spawning inductions and 
larval rearing, and Chapter 8 presents two studies looking at the effects of 
micro-algal diets, and the combined effects of temperature and salinity on the 
fertilisation success and development of larvae. In Chapter 9, I present three 
studies examining the knowledge gaps in larval ecology: fertilisation success 
in relation to gamete age, larval swimming speed, and settlement 
competency, and then discuss the potential effects and their parameterisation 
on larval transport predictions. Data arising from these studies will contribute 
to the enhancement of both mariculture operations and biophysical models. 
 
Together, my results provide novel insights into the ecological 
significance of giant clams on reefs, their history in Singapore waters, their 
status and connectivity, and their larval ecology, all of which will be important 
for ongoing conservation efforts. 
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Unequal four-cell stage of Tridacna squamosa embryo showing three smaller and 
one larger blastomere; b) Tridacna squamosa eggs surrounded by a large number 
of sperm resulting in polyspermy. 
 
Figure 7.3. Embryonic development in Tridacna squamosa. (a) 1-day old trochophore 
spinning in the water column (shell length; SL = 100 µm); (b) 2-days old straight-
hinge veliger feeding on microalgae (SL = 150 µm); (c) 7-days old pediveliger 
showing foot extension (SL = 220 µm); (d) 18-days old juvenile (SL = 600 µm). 
 
Figure 7.4. Signs of infection and mortality in 5-days old Tridacna squamosa veligers: 
(a) Filamentous bacteria (circled); (b) internal granular material (circled) burst 
outside of prodissoconch; (c) the empty mantle cavity of a dead veliger. 
 
Figure 7.5. Morphogenesis of juvenile Tridacna squamosa: (a) 1-month old at shell 
length (SL) = 1200 µm; (b) 2-months old at SL = 2000 µm exhibiting pigmented 
mantle; (c) 2.5-months old at SL = 6000 µm exhibiting pigmented mantle; (d) 
juvenile outer shells exhibiting scutes (fingernail-like projections). 
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Figure 8.1. Effects of diet treatments on mean number of live Tridacna squamosa 
larvae at 24 h, 36 h, and 48 h. Error bars indicate standard error. Treatments that 
are significantly different (Tukey HSD test; P<0.05) are indicated by black circles 
linked by horizontal lines. T = Tetraselmis suecica (CS-187). C = Chaetoceros 
mulleri (CS-176). 
 
Figure 8.2. Effects of combined temperatures and salinities on the mean number of 
Tridacna squamosa embryos at 3 h and trochophores at 24 h. Error bars indicate 
standard error. Treatments that are significantly different (Tukey HSD test; P<0.05) 
are indicated by black circles linked by horizontal lines. 
 
Figure 9.1. Fertilisation of fluted giant clam, Tridacna squamosa as a function of 
gamete age. Fertilisation success (%) is presented as the mean (±S.E.) of three 
independent incubation trials for each combination of one female and three males. 
 
Figure 9.2. Tridacna squamosa veligers swimming with both velum and foot. Veliger 
extends its velum and foot prior swimming (A), then propels itself into the water 
column and continues swimming with its foot extended (B). 
 
Figure 9.3. Swimming speeds of fluted giant clam, Tridacna squamosa larvae. Linear 
regressions of A) larval size (µm) and B) larval age (days) by larval swimming 
speed (µm s-1). 
 
Figure 9.4. Settlement competency of fluted giant clam, Tridacna squamosa larvae 
over 12 post-spawning days. A) Larval competency. From day 8 onwards, 14-days 
old larvae had predominantly metamorphosed for settlement. B) Larval settlement 
in response to conspecifics (gregarious settlement). No difference between single 
larva and 12 larvae treatments on larval metamorphosis (p>0.05NS). C) Larval 
settlement in response to fresh CCA, cured CCA and no CCA (associative 
settlement). Fresh CCA treatment had a significantly higher proportion of 
metamorphosed larvae compared to cured CCA and no CCA (p<0.001*). 
 
Figure 10.1. Size frequency distributions of giant clams on Singaporeʼs reefs. Legend: 
2009-2010 data obtained from Neo & Toddʼs (2012a) survey and 2011-present 
obtained from ad-hoc reef walks. 
 
Figure 10.2. Tridacna crocea. Minimum spanning networks using 391-bp fragment 
from the COI gene. A and B are two separate networks resulting from the 
haplotype analysis. Each circle on the network represents a unique COI haplotype. 
Colour-coded circles = unique locality. Open circles on lines connecting haplotypes 
= single putative mutations. Lines join all haplotypes within a 95% statistical 
confidence parsimony network. The star refers to the ancestral haplotype of the 
network. 
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Figure 10.3. Tridacna squamosa. Minimum spanning network using 397-bp fragment 
from the COI gene. Each circle on the network represents a unique COI haplotype. 
Colour-coded circles = unique locality. See Fig. 10.2 for definitions. 
 
Figure 10.4. Batch 2007 Tridacna squamosa transplants were placed on the reefs 
since 14 Dec.2010. Selected individuals were photographed for record. Monitoring 
dates are as follows: A) 7 Jun.2011 (SL = N.A.); B) 23 Jan.2012 (SL = N.A.); C) 11 
May.2013 (SL = 10–12 cm); D) 11 May.2013 (SL = 12–15 cm) and E) 26 Mar.2012 
(SL = 15 cm). (Photographs by Loh Kok Sheng [A–D] and Collin Tong [E], all 
reproduced with permission)	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CHAPTER 1. INTRODUCTION  
1.1. Giant clams (Mollusca: Bivalvia: Tridacninae) 
Biology of giant clams. – Giant clams are scientifically classified in the order 
Veneroida, family Cardiidae, subfamily Tridacninae, consisting of two genera: 
Hippopus and Tridacna (Rosewater, 1965; Schneider & Ó Foighil, 1999). 
They are common inhabitants of tropical coral reefs, with 10 recognised 
species distributed mostly among the shallow reefs of the Indian and South 
Pacific Oceans (Rosewater, 1965; Lucas et al., 1991; Sirenko & Scarlato, 
1991; Richter et al., 2008; bin Othman et al., 2010). Giant clams are 
characterised by their longevity, large body size, late reproductive maturity, 
and dependence on photosynthesis (Yamaguchi, 1977; Heslinga & Fitt, 
1987). Despite their high fecundity, only few tridacnid larvae survive to 
escape size due to the lack of parental care investment in their ocean-
dispersed larvae (Yamaguchi, 1977). 
 
Giant clams are protandric hermaphrodites: maturing first as males, and later 
developing functional hermaphroditic gonads that produce both mature sperm 
and eggs (Wada, 1952; Gwyther & Munro, 1981). During spawning, the 
release of sperm before eggs is presumably to prevent self-fertilisation (Ellis, 
1998) and, depending on an individualʼs size, the number of eggs released 
varies from tens of thousands (Neo et al., 2011) to hundreds of millions 
(Lucas, 1988). Their larval life cycle lasts for approximately nine days prior to 
settlement (LaBarbera, 1975; Ellis, 1998). Fertilised eggs first develop into 
trochophores within 12 h and into shelled swimming veligers within 36 h of 
fertilisation (Jameson, 1976; Gwyther & Munro, 1981; Ellis, 1998). The older 
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pediveligers (7 to 8-days old) then develop a foot that is capable of actively 
searching and settling onto suitable substrates (Jameson, 1976; Neo et al., 
2009). Pediveligers then continue to metamorphose into juvenile spats, where 
they thicken and enlarge their shells and overall body size. Juvenile tridacnids 
remain motile using their foot for locomotion (Huang, 2006; Huang et al., 
2007), and search for suitable substrate before finally attaching themselves 
with byssal threads. 
 
Unlike most bivalves, giant clams are mixotrophic, with the ability to filter feed 
and also obtain nutrients from their symbiotic zooxanthellae (Symbiodinium 
spp.) (Fitt, 1988; Jantzen et al., 2008). In their early life history, eggs and 
larvae are free of symbiotic zooxanthellae (Fitt et al., 1984), and only in the 
adults will zooxanthellae be present in dense masses. The highly motile 
veligers acquire their symbiotic algae via ingestion at an early stage 
(mariculture operations usually seed parental zooxanthellae on day 4), 
manifesting within their guts and selectively not digested (Yonge, 1936; 
Nakayama et al., 1998). These zooxanthellae then occupy the tubular system 
within the mantle tissues (Fankboner, 1971), where they produce the bulk of 
carbon nutrients taken up by host clams (Norton et al., 1992; Ishikura et al., 
1999). The symbiotic relationship is a delicate system and any environmental 
changes such as increased irradiance and sea temperatures can cause the 
expulsion of symbionts from clams (Fisher et al., 1985; Norton et al., 1995; 
Buck et al., 2002). This may result in mantle bleaching and sometimes, 
causes mortality (Leggat et al., 2003). 
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Significance of giant clams to man. – In the years gone by, giant clams 
were notorious for their supposed man-eating abilities (Cummins, 2010; see 
Fig. 1.1), which of course, is not true. Giant clams have, however, been 
significant to man for millennia by providing their flesh as food and calcified 
shells as materials (Miller, 1979; Ayers & Mauricio, 1987; Reese, 1988; 
Hviding, 1993). Artefacts such as adzes made from giant clam shells and 
engraved shell discs have dominated excavated finds in the Middle East, 
Italy, and Japan (Reese, 1988; Asato, 1991; Reese & Sease, 1993). The 
human uses of giant clams are summarised in Table 1.1. Their flesh and 
adductor muscles have been harvested as food (Daily Telegraph, 1914; 
Hviding, 1993) or used as crop fertilisers (Weingarten, 1991), while their 
shells are turned into terrazzo tiles (Brown & Muskanofola, 1985), domestic 
tools, and craftware (Dawson & Philipson, 1989; Hviding, 1993; Richards & 
Roga, 2004). 
 
In addition to these direct benefits, photosynthesis by zooxanthellae also 
allows the sequestration of carbon (found in seawater) into the clamsʼ 
biomass (Fisher et al., 1985) and calcified shells (Watanabe et al., 2004). 
Hence, they may contribute substantially to the overall productivity of coral 
reefs (Hardy & Hardy, 1969; Jantzen et al., 2008; Yau & Fan, 2012). They 
also have other ecologically functional roles on tropical reefs and these will be 
explored in detail in Chapter 2. In view of the growing concerns over climate 
change (Hughes et al., 2003; Mooney et al., 2009), giant clam mariculture 
might potentially sequestrate carbon dioxide in significant quantities (De Silva 
& Soto, 2009). 
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Table 1.1. Summary of the human uses of giant clams.  
 
Literature Source(s) Localities (Country) Use(s) of Giant Clam Shells 
Brown & Muskanofola, 
1985 
Karimun Java, Pulau 
Seribu, Indonesia • Terrazzo tiles 
Brandl, 1984, 2001; 
Reese, 1988; Reese & 
Sease, 1993 
Libya, Iran, Iraq, 
Israel, Italy, Jordan 
• Engraved Tridacna shell discs – cosmetic 
palette, decorative ornaments 
Dawson & Philipson, 
1989 
Manus Islands, 
Papua New Guinea 
(Melanesia) 
• Axe heads 
Weingarten, 1991 Marshalls Island (Micronesia) 
• Clam meat is considered inferior to fish, 
and used primarily to fertilise certain 
crops, especially breadfruit trees 




• Tridacna adzes – a tool used for 
smoothing rough-cut wood in handicraft 
Willey, 1896; Hocart, 
1931; Miller, 1979; 
Waite, 1983; Hviding, 




• Arm-rings worn by natives 
• Clam shell rings – traditional exchange 
currency and ceremonial objects 
• Carvings and sculptures 
• Sacred containers – holy water font 
• Shell craft ware 
• Tridacna adzes – a tool used for 
smoothing rough-cut wood in handicraft 
• Tridacna shell plaques – associated with 
burials or ʻCustom Moneyʼ 
• Weaponry – to throw down on 
approaching enemies 
Asato, 1991 Southern Ryukyu Islands (Okinawa) 
• Tridacna adzes – prehistoric culture of 
Southern Ryukyu 
Dawson & Philipson, 
1989 Tuvalu (Polynesia) • Water troughs for pigs 
 
Research trends. – Early giant clam studies focussed on taxonomic 
classifications (Sowerby, 1912; Hedley, 1921), morphology (Léon Vaillant, 
1865; Lacaze-Duthiers, 1902), visual systems (Brock, 1888), and 
archaeological artefacts (Willey, 1896; Smith, 1926). In the 1960s to the 
1980s, rapidly declining wild clam populations (Bryan & McConnell, 1976; 
Pearson, 1977) prompted the surge of research into assessing wild stocks 
and improving mariculture (e.g. Gwyther & Munro, 1981; Fitt et al., 1984; 
Brown & Muskanofola, 1985; Alcala, 1986; Crawford et al., 1987). Based on a 
Web of Science survey for all years since 1904 (see Appendix B, Table B3), 
there has been a steady increase in the number of giant clam-related 
scientific articles, albeit with a single year outlier (1993) when 45 articles 
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came out (Fig. 1.1). After 1990, there have been at least 10 publications per 




Figure 1.1. The number of articles published between 1904 to present-day whose 
title, abstract or keywords contained terms related to giant clams. Data is based on a 
Web of Science survey. (Accurate as of 10 Aug.2013) 
 
The 551 recovered articles were individually checked for relevance based on 
a criterion addressed in Table B1 of Appendix B. A total of 418 articles were 
relevant and they were further divided into 10 general research areas (see 
Appendix B, Table B2). The most extensive areas studied were physiology 
and biochemistry (n = 89), followed closely by mariculture (n = 85) (Fig. 1.2). 
The breakdown of the number of articles published per research area per 
year is presented in Table B3 (Appendix B), and mariculture stands out with 
25 related articles in a single year: 1993. 
 




Figure 1.2. The cumulative number of articles published in 10 different research areas 
over 109 years. Data is based on a Web of Science survey. (Accurate as of 10 
Aug.2013) 
 
Threats faced by todayʼs giant clams. – Giant clams are a highly valuable 
food resource, and the exports of clam adductor muscles to Asian 
gastronomes combined with subsistence harvesting have been responsible 
for stock reductions across their range in the Indo-Pacific (Dawson & 
Philipson, 1989; Shang et al., 1991; bin Othman et al., 2010; Kinch & 
Teitelbaum, 2010). In the 1960s to the 1980s, intense exploitation of wild 
giant clams led to the depletion of natural stocks (Bryan & McConnell, 1976; 
Pearson, 1977). The decline was attributed to the illegal entry by foreign 
fishers, allegedly Taiwanese fishing vessels, into the Pacific. Today, wild clam 
stocks are under the pressure of subsistence and semi-commercial (artisanal) 
fishers (Kinch & Teitelbaum, 2010), as well as general reef degradation 
(Guest et al., 2008). The shallow distribution, conspicuous appearance, and 
sessile nature of giant clams make them easy to harvest with simple fishing 
gear. During reef gleaning, non-specific fishing, and free-diving (Hviding, 
1993), giant clams are usually opportunistically collected, or their flesh 
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excised from the shells with knives and/or wooden sticks (Kinch & 
Teitelbaum, 2010). Improvised diving apparatus such as hookah gear (a 
simple surface air feed) have been used to extract clam meat underwater, 
hence obviating the need to retrieve the heavy shells (Hviding, 1993; Kinch & 
Teitelbaum, 2010). 
 
As exploitation persists, giant clam populations face further decline due to 
poor fertilisation success, especially when densities fall below certain (yet 
undefined) levels (Munro, 1992). Reproductive success depends on the 
synchronised spawning among conspecific clams (Lucas, 1988; Gilbert et al., 
2006a), as the trigger for sperm release is dependent on the chemical cues 
found on the eggs (Munro et al., 1983). Upon detection of the inducer, other 
neighbouring clams may also release eggs, thus encouraging progressive 
downstream fertilisation. The tendency for giant clams to aggregate has been 
attributed to their need to be in close vicinity of each other to reproduce 
(Huang et al., 2007). Giant clam populations are therefore highly sensitive to 
stock depletion, where sparse spawning adult populations can lead to 
lowered (or zero) fertilisation rates and consequently poor recruitment rates 
(Munro, 1992). This can lead to the eventual collapse of the entire population. 
Wild stocks may recover via the dispersal of planktonic larvae from other 
reefs brought in by prevailing currents (Benzie & Williams, 1992a, 1992b). 
Such recovery, however, may take decades if coral reefs are isolated and/or 
currents are unfavourable. 
 
Illegal fishing of giant clams has mostly ceased, and there are now measures 
in place to protect remaining wild stocks. Since 1985, most species of giant 
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clams have been listed in the Appendix II of CITES, requiring signatory 
countries to monitor and regulate trade (Kinch & Teitelbaum, 2010). Coastal 
communities, such as the Cooks Islands and French Polynesia, have 
imposed extraction regulations in a bid to control the damages caused by 
overharvesting (Chambers, 2008; Andréfouët et al., 2013). Concurrently, 
artificial propagation of giant clams has progressed tremendously since the 
1980s (e.g. Fitt & Trench, 1981; Fitt et al., 1984; Alcala et al., 1986; Copland 
& Lucas, 1988; Ellis, 1998), and is fast becoming a feasible technique for 
mass production of individuals for aquarium markets (OʼCallaghan, 1995; Bell 
et al., 1997) and restocking rare species (Heslinga, 2013) or extirpated 
populations (Gomez & Mingoa-Licuanan, 2006). In Singapore, wild giant 
clams are highly endangered and their populations are unlikely to be self-
sustaining in the long term (Guest et al., 2008). Coupled with ongoing 
sediment pollution, active management is crucial for the survival of giant 
clams in Singapore waters. 
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1.2. Aims and objectives of this research 
My PhD provided me the opportunity to continue my research into 
Singaporeʼs giant clams. As an undergraduate, I studied the autecology and 
behaviour of the fluted giant clam, Tridacna squamosa; the results of which 
have been published in three papers: Neo et al. (2009), Neo & Todd (2011a), 
and Neo & Todd (2011b). My curiosity persisted as I began to investigate the 
status of giant clams in Singapore, which led to the genesis of this thesis. My 
thesis represents the first and most comprehensive investigation of giant 
clams in Singapore waters and looks into the local ʻpastʼ, ʻpresentʼ, and 
ʻfutureʼ of these charismatic organisms. The overall research outcome is to 
provide key information to support the giant clam restocking programme 
initiated in May.2011, as well as help designate conservation priorities for 
local populations. My key objectives are: 
 
1. To examine the ecological significance of giant clams on coral reefs. 
2. To review the ʻpastʼ standing of giant clams on Singaporeʼs reefs. 
3. To provide an assessment of the ʻpresentʼ population status and 
connectivity patterns. 
4. To investigate the larval ecology of the fluted giant clam, T. squamosa 
and how these studies contribute to enhancing ʻfutureʼ mariculture 
operations and biophysical models. 
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1.3. Thesis structure and overview of data chapters 
Before I begin on my thesis structure, I would like to clarify the usage of “I/my” 
and “we/our” in this thesis. In Chapters 1 and 10, “I/my” are used in-text 
when referring to my own work and ideas as the first and sole author. The 
subsequent use of “we/our” in Chapters 2 to 9 refers to the first author 
(myself) and co-authors. In all the chapters, I am responsible for writing most 
of the contents as the lead author, and mostly receiving comments, 
suggestions, editing, technical input, and field assistance from the various co-
authors. For example, in Chapter 2, co-author William Eckman contributed 
the mathematical models and co-author Kareen Vicentuan organised the 
identification of many of the listed epibionts. In Chapter 5, both co-authors 
Jan van Beek and Dirk van Maren contributed to the “Materials and Methods” 
section. As most of these chapters have been published, and are presented 
here verbatim, I have chosen to retain the use of “we/our” for fidelity. 
 
This thesis is divided into three parts: I) literature reviews, II) giant clam 
population status and connectivity in Singapore, and III) larval ecology studies 
on the fluted giant clam, T. squamosa (with an emphasis of how these can be 
incorporated into mariculture operations and biophysical models). Covering 
the ʻpastʼ, I first review two key questions in part I: the ecological importance 
of giant clams on coral reefs (Chapter 2), and their history, research, and 
conservation in Singapore (Chapter 3). Part II addresses the ʻpresentʼ in 
three studies (Chapters 4, 5, and 6), assessing the current population status 
and connectivity patterns. Finally, part III consists of experimental studies 
examining the early life history traits in T. squamosa. Larval ecology is 
generally accepted as the initial factor driving overall larval survival and 
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subsequent recruitment patterns (“supply-side ecology”, sensu Roughgarden 
et al., 1987). These studies address the (ʻfutureʼ) knowledge gaps of my 
model species, T. squamosa, and results can contribute to the enhancement 
of both mariculture operations (Chapters 7 and 8) and parameterisation of 
biophysical models (Chapter 9). A brief description of each data chapter is 
presented below: 
 
Chapter 2. The ecological significance of giant clams (Bivalvia: 
Cardiidae: Tridacninae) on coral reefs 
Even though they are conspicuous on coral reefs, giant clams have rarely 
been described as ʻecologically importantʼ, and no review addresses their 
potential ecological roles. This chapter reviews the various functional roles 
giant clams perform on coral reefs, and discusses how they contribute to 
and/or provide for the reefs and the reef organisms. Hopefully, this will be of 
use to conservationists who are trying to protect these mega reef 
invertebrates. This chapter is presently being readied for journal submission. 
 
Chapter 3. Giant clams in Singapore: History, Research, and 
Conservation 
The knowledge of giant clams on Singaporeʼs reefs has been limited to a few 
anecdotes, mostly citing the loss of specimens due to coastal development 
and exploitation. This chapter reviews the history, research, and conservation 
of giant clams in this small-city state. The historical component traces back to 
the earliest observations of giant clam species, and investigates the causes of 
their decline over time. This is followed by an overview of contemporary 
research initiatives and programmes, and finally discusses future 
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conservation directions in Singapore. This chapter has been fully published 
as Neo & Todd (2012b) in the journal Raffles Bulletin of Zoology. 
  
Chapter 4. Population density and genetic structure of the giant clams 
Tridacna crocea and T. squamosa on Singaporeʼs reefs 
Guest et al. (2008) published their first giant clam survey (2003), noting the 
presence of three species on seven reefs (9,670 m2). This chapter examines 
the contemporary distribution and abundance of giant clams by surveying 29 
reef sites over a period of one year. In addition, I conducted genetic 
haplotyping of the existing giant clam populations by using the genetic 
marker, mitochondrial cytochrome c oxidase I (COI). Connectivity patterns 
among individuals of the same species are inferred based on their genetic 
information. This chapter has been fully published as Neo & Todd (2012a) in 
the journal Aquatic Biology. 
 
Chapter 5. Recruitment constraints in Singaporeʼs fluted giant clam 
(Tridacna squamosa) population – A dispersal model approach 
Based on the recent survey (see Chapter 4), the absence of juvenile clams is 
of concern. This chapter examines the recruitment constraints of the fluted 
giant clam, T. squamosa population in Singapore, using a finite advection-
diffusion model coupled with the hydrodynamic model. Larval dispersal 
potential among reefs locally and regionally is also determined via modelling, 
allowing comparisons with results obtained from genetic haplotyping. This 
information is important for strategising modern conservation by taking into 
account of local hydrodynamics, source-sink dynamics, and placement of 
restocked specimens, so as to ensure long-term persistence of clam 
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populations. This chapter has been fully published as Neo et al. (2013a) in 
the journal PLoS ONE. 
 
Chapter 6. Conservation status reassessment of giant clams (Mollusca: 
Bivalvia: Tridacninae) in Singapore 
Giant clam populations are increasingly threatened by anthropogenic impacts 
and habitat degradation. While most tridacnid species are protected under 
Appendix II of CITES and included in the IUCN Red Data List, these 
classifications are outdated and may not accurately reflect the situation in 
individual countries. This chapter presents a revised list of occurring giant 
clam species in Singapore and a reassessment of their local conservation 
statuses. At finer geographical scales, species assessments are of greater 
value when planning local conservation strategies. This chapter has been 
fully published as Neo & Todd (2013) in the journal Nature in Singapore. 
 
Chapter 7. Spawning induction and larval development in the fluted 
giant clam, Tridacna squamosa (Bivalvia: Tridacnidae) 
Even though giant clams have been cultured for decades, information on 
reproductive development and life history is limited. In this chapter, I describe 
the spawning, fertilisation, and larval development of T. squamosa, and 
investigate the effects of egg-sperm ratio on fertilisation success. This chapter 
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Chapter 8. The effects of diet, temperature, and salinity on survival of 
larvae of the fluted giant clam, Tridacna squamosa 
This chapter investigates the effects of micro-algal feeding (i.e. Tetraselmis 
suecica (CS-187), Chaetoceros mulleri (CS-176), and yeast), and the 
combined effects of temperature (~22.5°C and ~29.5°C) and salinity (27‰ 
and 30‰) on fertilisation success and larval development of the fluted giant 
clam, T. squamosa. Results can be used to improve T. squamosa 
mariculture. This chapter has been fully published as Neo et al. (2013b) in the 
journal Journal of Conchology. 
 
Chapter 9. Larval ecology of the fluted giant clam, Tridacna squamosa 
and its potential effects on larval dispersal models 
Biophysical models are used to visualise and predict dispersal and 
connectivity of marine larvae but frequently, the quality of biological input 
parameters often lags behind the physical data. Hence, quantifying and 
parameterising relevant ecological information is a critical step in advancing 
larval transport simulations. This chapter addresses three larval data 
knowledge gaps: fertilisation success in relation to gamete age, larval 
swimming speed, and settlement competency in model species, T. 
squamosa, and discusses their effects on biophysical model 
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Chapter 10. Conclusions: Updates, giant clam mariculture and 
management, and future research directions 
As some of the research presented in the earlier chapters is already two or 
three years old, here I provide some updates on the current status of the 
natural giant clams in Singapore and population connectivity among giant 
clams in Singapore and the region. I then provide overviews of the giant clam 
mariculture and management in Singapore, and discuss how incorporating 
the earlier studies can improve restocking techniques and to better inform 
conservationists on managing the existing clam populations. Finally, I wrap up 
this thesis with future research questions. Naturally, various other questions 
arose from my studies, and they can additionally contribute to the overall 
push of conserving giant clams. 
 












PART I – LITERATURE 
REVIEWS 
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CHAPTER 2. THE ECOLOGICAL SIGNIFICANCE OF GIANT CLAMS 
(BIVALVIA: CARDIIDAE: TRIDACNINAE) ON CORAL REEFS1 
2.1. Introduction 
Giant clams (Bivalvia: Cardiidae: Tridacninae) are the largest and most 
conspicuous bivalves on the coral reefs of Indo-Pacific region. Of the 10 
extant species, Tridacna maxima is the most widespread while the recently 
discovered T. squamosina (previously known as T. costata), T. rosewateri, T. 
tevoroa, and Hippopus porcellanus have the most restricted distributions (bin 
Othman et al., 2010). Since pre-history, their high biomass and large calcified 
shells have made them useful to man as a source of food and material (Miller, 
1979; Hviding, 1993; Heslinga, 1996). However, as a result of habitat 
degradation and technological advances in exploitation, giant clam numbers 
are declining rapidly in numerous countries (bin Othman et al., 2010; 
Andréfouët et al., 2013) and extirpations of species are becoming increasingly 
common (Kinch & Teitelbaum, 2010; Neo & Todd, 2012b, 2013). To prevent 
the collapse of clam populations, efforts to restock these invertebrates are 
underway throughout their geographic range (Teitelbaum & Friedman, 2008; 
Heslinga, 2013), and there are several giant clam sanctuaries under legal 
protection, for example those in Australia (Rees et al., 2003) and French 
Polynesia (Andréfouët et al., 2005, 2013). 
 
Giant clams have been associated with corals since the late Eocene and 
Oligocene (Oppenheim, 1901; Cox, 1941; Harzhauser et al., 2008) and 
Tridacna facies are common in the upper strata of fossilised reefs (Accordi et 
                                                
1 This chapter is presently being readied for journal submission. 
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al., 2010; Ono & Clark, 2012). From their early Tethyan origins (in the middle 
of modern-day Europe), the present-day diversity of giant clams is mostly 
restricted to the Indo-West Pacific (Harzhauser et al., 2008). There is a 
substantial body of work on the biology and mariculture of giant clams, but 
their significance in the coral reef ecosystem is poorly understood. Previous 
researchers have, however, provided anecdotal insights into their likely roles, 
i.e. as food, as shelter, and as reef-builders. For example, Mercier & Hamel 
(1996: p. 113) remarked: “Tridacna face many dangers. They are most 
vulnerable early in their life cycle, when they are prey to crabs, lobsters, 
wrasses, pufferfish, and eagle rays.” In a magazine article, Mingoa-Licuanan 
& Gomez (2002: p. 24) commented: “clam populations add topographic detail 
to the seabed and serve as nurseries to various organisms… Their calcified 
shells are excellent substrata for sedentary organisms.” Finally, Hutchings 
(1986: p. 245) states: “giant clams are recognisable in early Holocene reefs 
and if similar densities occurred to those on recent reefs, giant clams have 
had a considerable ongoing impact on reef morphology.” Even though there is 
evidence that giant clams make an important contribution to the functioning of 
coral reefs, it has never been quantified. Here, based on existing literature 
and our own observations, we examine giant clams as contributors to reef 
productivity, as providers of biomass for predators and scavengers, and as 
nurseries and shelters for other organisms. We also examine their reef-scale 
roles as calcium carbonate producers, zooxanthellae reservoirs, and counter-
actors of eutrophication. 
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2.2. Giant clams as food 
2.2.1. Contributors to reef productivity 
It is generally recognised that phytoplankton, macroalgae, seagrasses, and 
corals are the dominant contributors to reef productivity (Hatcher, 1988, 1990; 
Juillet-Leclerc et al., 1997; Chisholm, 2003). Zooxanthellate giant clams also 
contribute to reef productivity (Hardy & Hardy, 1969; Mingoa-Licuanan & 
Gomez, 2002), but existing literature does not discuss this in detail. Previous 
ecological studies have gathered biomass data during field surveys to 
determine standing crops (Hardy & Hardy, 1969; Gilbert et al., 2006b; 
Andréfouët et al., 2009, 2013), while mariculture operations use biomass data 
to maximise flesh and shell production (Heslinga et al., 1984; Barker et al., 
1988; Hart et al., 1998). Physiological studies use primary production as a 
metric to distinguish treatment effects, e.g. of increased temperatures 
(Blidberg et al., 2000; Elfwing et al., 2002, 2003). 
 
Giant clams are mixotrophic, capable of generating biomass (i.e. productivity) 
through primary production by photoautotrophic zooxanthellae and secondary 
production via filter feeding (Jantzen et al., 2008). The overall production in 
giant clams is controlled by the uptake rate of ambient dissolved inorganic 
carbon (DIC) via filtration (Jones et al., 1986; Watanabe et al., 2004) and the 
photosynthetic efficiency of their zooxanthellae (Fisher et al., 1985; Jantzen et 
al., 2008; Yau & Fan, 2012). The acquisition of DIC is influenced by clearance 
rates (i.e. the volume of water each clam pumps per unit time; Klumpp & 
Griffiths, 1994), which is strongly dependent on clam body size (Klumpp et al., 
1992). Klumpp & Griffiths (1994) ranked photosynthetic efficiency in four 
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species (from the most to the least efficient): T. gigas, T. crocea, T. 
squamosa, and H. hippopus. 
 
The net primary productivity (NPP) from an array of reef organisms, including 
the giant clam, is presented in Table 2.1. We acknowledge that different 
productivity measures were used across studies; however, our aim is to 
provide estimate figures for comparisons amongst organisms. While 
macroalgae can produce up to 215.52 g m-2 d-1 of oxygen, which is greater 
than the giant clams, T. maxima (28.16 g m-2 day-1) and T. squamosa (18.14 
g m-2 d-1), the NPP of giant clams is still higher than most of the other coral 
reef primary producers (Table 2.1). From the examples in Table 2.1, NPP of 
T. maxima and T. squamosa are respectively ~14.5× and ~9.4× higher than 
the lowest NPP, that of the coral Stylophora pistillata (1.93 g m-2 d-1). The 
contribution of giant clams to overall reef productivity is potentially substantial, 
especially when populations are dense (Rees et al., 2003; Andréfouët et al., 
2005). 
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Table 2.1. Comparisons of maximum net O2 primary productivity (PP) across different 
reef flora and fauna. All listed PP values are converted for cross-examination and 
arranged from the highest to the lowest producers. Highlighted cells represent 
organism of interest: giant clams. 
 
Reef flora/fauna Net O2 Primary Productivity (PP)  
Standardisations 
(g O2 m-2 day-1) Literature Source(s) 
Macroscopic algae 1.16–8.98 g m-2 hr-1 27.84–215.52 g m
-2 day-
1 





1.32 g m-2 hr-1 31.68 g m-2 day-1 Wanders, 1976 
Giant clam, Tridacna 
maxima (Shell 
length = 11–12cm) 
88.0 µmol cm-2 day-1 28.16 g m-2 day-1 Jantzen et al., 2008 
Turf algae 0.23–0.93 g m-2 hr-1 5.52–22.32 g m-2 day-1 Rogers & Salesky, 1981 
Giant clam, Tridacna 
squamosa (Shell 
length = 11–12cm) 
56.7 µmol cm-2 day-1 18.14 g m-2 day-1 Jantzen et al., 2008 




627 mg m-2 hr-1 15.05 g m-2 day-1 Chisholm, 2003 




589 mg m-2 hr-1 14.14 g m-2 day-1 Chisholm, 2003 
Seaweed, 
Dictyopteris dentate  0.60 g m
-2 hr-1 14.40 g m-2 day-1 Wanders, 1976 
0.15–0.54 g m-2 hr-1 3.60–12.96 g m-2 day-1 Rogers & Salesky, 1981 Hard coral, Acropora 





490 mg m-2 hr-1 11.76 g m-2 day-1 Chisholm, 2003 
Seaweed, 
Dictyopteris justii  0.46 g m
-2 hr-1 11.04 g m-2 day-1 Wanders, 1976 
Calcareous red 
algae 360 mg m
-2 hr-1 8.64 g m-2 day-1 Marsh, 1970 
Hard coral, 
Stylophora pistillata  192.8 µg cm
-2 day-1 1.93 g m-2 day-1 Porter et al., 1984 
 
To determine how much biomass (i.e. NPP plus assimilated filter fed material) 
giant clams can contribute to a coral reef, we combined data from surveys 
which provided clam densities and size distributions (Pearson & Munro, 1991; 
Chantrapornsyl et al., 1996; Gilbert et al., 2006b; Todd et al., 2009; Black et 
al., 2011) with additional clam biomass equations elicited from Klumpp & 
Griffiths (1994), Hawkins & Klumpp (1995), and Ricciardi & Bourget (1998). 
Estimates of the standing stock of giant clam biomass per hectare of coral 
reef for three species are provided in Table 2.2. We have also estimated 
annual biomass production, which, if the giant clam populations were in 
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equilibrium, would equal the amount of food provided to predators and 
scavengers each year. 
 
Table 2.2. Estimates of ecologically relevant parameters measured per hectare (ha) 


















































718 14 18,839 356 28,121 Pearson & Munro, 1991 
 
Giant clams will be important contributors to productivity on reefs where there 
is recruitment of faster-growing juvenile clams. In French Polynesia, the 
Tatakoto atoll population of T. maxima, a medium-sized species, has high 
standing biomass of 1041 kg dry weight (DWT) per hectare and is capable of 
producing 238 kg DWT of biomass annually per hectare of coral reef. These 
healthy populations are most likely due to the enclosed geography of atolls, 
which retain locally-produced larvae (Gilbert et al., 2006b). The T. gigas 
example from the Great Barrier Reef is essentially a relict population, 
consisting primarily of large adult clams. The paucity of younger, faster-
growing, clams explains why production of new biomass is a relatively low 
percentage of the standing crop. Tridacna crocea appears to contribute 
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minimally on a per hectare basis (due to its small size and low population 
density) in the examples provided, but it may be important on a smaller scale. 
In patches of favourable habitats, T. crocea can have densities exceeding 
100 clams m-2 (Hamner & Jones, 1976), versus the 0.24 clams m-2 and 0.10 
clams m-2 found in the surveys presented in Table 2.2. While we only present 
data for single species, it is possible for up to six species to co-exist on the 
same reef (e.g. Hardy & Hardy, 1969), occupying different niches based on 
depth and substrate type and providing combined biomasses exceeding the 
single-species figures we have provided here. 
 
2.2.2. Predators and scavengers 
Shelled molluscs generally experience high predation pressure from a wide 
variety of taxa (Lipcius & Hines, 1986; Dulvy et al., 2004). Predation on 
juvenile giant clams has been studied extensively (e.g. Alcazar, 1986; Perio & 
Belda, 1989; Govan, 1992b; Govan et al., 1993), particularly during the ocean 
nursery phase of mariculture (Govan, 1992b). Heslinga & Fitt (1987) assumed 
larger tridacnids were immune to predation, but there have been reported 
attacks on mature adults (Alcazar, 1986) and their mantle tissues often bear 
ʻbiteʼ scars. Govan (1992a, 1992b) reviewed predation on tridacnids and his 
results, plus new observations and additional findings from grey literature, are 
presented in Table 2.3. With 75 listed predator species (Table 2.3), giant 
clams appear to be a significant food source on coral reefs. Jawed fishes, e.g. 
wrasse, triggerfish, and pufferfish, prey on both juveniles and adult giant 
clams (Alcazar, 1986; Richardson, 1991; Govan, 1992a). Sea stars 
presumably feed on juvenile clams (Weingarten, 1991), and two authors have 
also reported sea turtles feeding on clam tissues (Caretta caretta; Bustard, 
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1972) or on shells as calcium supplements (Chelonia mydas; Weingarten, 
1991). In mariculture, ectoparasitic pyramidellids and ranellids are abundant 
(Perron et al., 1985; Cumming, 1988; Boglio & Lucas, 1997), and their attacks 
rapidly decimate juvenile numbers (see section 2.3.3), however on the reefs, 
they have less impact on the ʻwildʼ clams (Cumming, 1993; Cumming & 
Alford, 1994; Govan, 1995). Dead or dying giant clams may also attract small 
invertebrate scavengers which are unable to feed on live clams, such as 
isopods, ostracods, amphipods, leptostracans, mysids, polychaetes, and 
small decapods (Keable, 1995) and the predatory muricid gastropod, Drupella 
rugosa (Kay, 1979; Perron et al., 1985). 
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Table 2.3. A list of marine organisms that reportedly preys on tridacnid clams. Table 
adapted from Govan, 1992b. A dash (-) refers to no recorded information. 
 
Predator Species Method of Predation Literature Source(s) 
PORIFERA: Family Clionaidae (Boring sponges) 
Unknown Bore into shells, weakening shells  Govan, 1992a 
FLATWORM: Family Turbellaria 
Stylochus (Imogene) matatasi Newman et al., 1991, 1993 
Stylochus (Imogene) sp. Govan, 1992a, 1992b 
Polyclad sp. 1 
Manner of kill is uncertain but they enter 
the clam through either the byssal orifice 
or inhalant siphon Govan, 1992b 
MOLLUSCS: Family Buccinidae (Whelks) 
Cantharus fumosus - Perio & Belda, 1989 
Family Costellariidae (Mitres) 
Vexillum cruentatum - Govan, 1992a 
V. plicarium - Richardson, 1991 
Family Fasciolariidae (Tulip snails) 
Pleuroploca trapezium Govan, 1992a 
Pleuroploca sp. 
Immobilise clam by clasping mantle with 
its foot preventing valve closure, insert 
proboscis into soft tissues Alcazar, 1986 
Family Muricidae (Murexes) 
Chicoreus brunneus Drill holes into shells of juvenile clams 
Abdon-Naguit & Alcazar, 
1989; Govan, 1992a, 
1992b 
C. microphyllum Drill holes into shells Govan, 1992a, 1992b 
C. palmarosae Often drill through the valves; may attack via valve gape or byssal orifice Govan et al., 1993 
C. ramosus 
Insert proboscis into byssal gape to 
reach soft tissues, inject paralytic 
substance 
Heslinga et al., 1984; 
Alcazar, 1986; Govan, 
1992a 
Cronia fiscella Drill holes into shells of juvenile clams Govan, 1992a 
C. margariticola Through valve gape Govan, 1992a, 1992b 
C. ochrostoma Drill holes into shells Govan, 1992a 
Morula granulata Drill holes into shells Govan, 1992a, 1992b 
Muricodrupa fiscella Drill holes into shells Govan, 1992b 
Thais aculeata Through valve gape Govan, 1992a, 1992b 
Family Octopodidae (Octopus) 
Octopus sp. Chip shells; pry the valves apart to feed 
Heslinga et al., 1984; 
Barker et al., 1988; 
Govan, 1992a; Mercier 
& Hamel, 1996 
Family Pyramidellidae 
Turbonilla sp. Cumming, 1988; Govan, 1992a, 1992b 
Tathrella iredalei 
Use their long, flexible proboscis to suck 
clamsʼ body fluids, either from the 
mantle edge or through byssal orifice Heslinga et al., 1990; Govan, 1992a 
Family Ranellidae (Tritons) 
Bursa granularis Insert proboscis between valves of prey Govan et al., 1993 
Cymatium aquatile 
Abdon-Naguit & Alcazar, 
1989; Govan, 1992a, 
1992b, 1995 
C. muricinum 
Perron et al., 1985; 
Govan, 1992a, 1992b, 
1995 
C. nicobaricum Govan, 1992a, 1992b, 1995 
C. pileare Govan, 1992a, 1992b, 1995 
C. vespaceum 
Injection of an immobilising fluid through 
the mantle or byssal orifice, then feed on 
soft tissues 
Perio & Belda, 1989; 
Govan, 1992a 
Family Volutidae (Volutes) 
Melo amphora - Loch, 1991 
Melo sp. - Govan, 1992a 
ECHINODERM 
Seastar Exert powerful suction and tire adductor muscles of clam (pry open clam) Weingarten, 1991 
CRUSTACEANS: Family Diogenidae (Hermit crabs) 
Dardanus deformis Crushed 26 juvenile T. gigas in 3 days Heslinga et al., 1984 
D. lagopodes Chip valve ends Govan, 1992b 
D. pedunculatus Crush or chip the valves of prey Govan, 1992b; Govan et al., 1993 
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Family Gonodactylidae (Mantis shrimps) 
Gonodactylus chiragra Smash shells Govan, 1992b 
Gonodactylus sp. - Govan, 1992a 
Family Portunidae (Swimming crabs) 
Thalamita admete Govan, 1992b 
T. coerulipes Chip shells; attack via byssal orifice Govan, 1992b 
T. crenata Crush shells; may pry clam open via ventral margin Ling, 2007 
T. danae Crush or chip the valves; attack via byssal orifice Govan et al., 1993 
T. spinimana - Richardson, 1991 
T. stephensoni Govan, 1992b 
T. cf. tenuipes Chip shells; attack via byssal orifice Govan, 1992b 
Thalamita sp. 
Penetrate soft tissues of adults through 
either the byssal orifice or inhalant 
siphon 
Alcazar, 1986; Govan, 
1992a 
Family Xanthidae (Stone crabs) 
Atergatis floridus Richardson, 1991; Govan et al., 1993 
A. integerrimus Richardson, 1991 
Atergatis spp. 
Crush or chip the valves  
Govan, 1992a 
Carpilius convexus Crush or chip the valves of juvenile clams 
Alcazar, 1986; Govan, 
1992a, 1992b; Govan et 
al., 1993 
C. maculatus Crush shells Govan, 1992a, 1992b 
Demania cultripes Crush shells of juvenile clams Alcazar, 1986; Govan, 1992a 
Leptodius sanguineus Crush shells Govan, 1992a, 1992b 
Lophozozymus pictor Crush or chip shells Richardson, 1991; Govan, 1992a 
Myomenippe hardwickii Crush shells; may attack via the byssal orifice Ling, 2007 
Zosimus aeneus Crush shells Govan, 1992a, 1992b 
FISH: Family Balistidae (Triggerfish) 
Balistapus undulatus Feed on mantle and the exposed byssus and foot of adult clams 
Alcazar, 1986; Perio & 
Belda, 1989 
Balistoides viridescens Heslinga et al., 1990 
Balistoides sp. Govan, 1992a 
Pseudobalistes flavimarginatus Heslinga et al., 1990; Chambers, 2007 
Pseudobalistes sp. Govan, 1992a 
Rhinecanthus sp. 
Crush or chip shells 
Govan, 1992a 
Family Lethrinidae (Emperors) 
Monotaxis grandoculis Directly consumed 50 juvenile T. squamosa in <2h 
Heslinga et al., 1984; 
Govan, 1992a 
Family Labridae (Wrasses) 
Cheilinus fasciatus - Richardson, 1991 
Cheilinus sp. Crush or chip shells Govan, 1992a 
Choerodon ancharago - Richardson, 1991 
C. schoenleinii - Richardson, 1991 
Choerodon sp. Crush or chip shells Govan, 1992a 
Halichoeres sp. Feed only on the byssus and foot of unanchored clams 
Alcazar, 1986; Govan, 
1992a 
Thalassoma hardwicke - Richardson, 1991 
T. lunare - Richardson, 1991 
Family Myliobatidae (Eagle rays) 
Aetobatis narinari Crush shells 
Heslinga et al., 1990; 
Govan, 1992a; 
Chambers, 2007 
Family Tetraodontidae (Pufferfish) 
Canthigaster solandri - Richardson, 1991 
C. valentini Perio & Belda, 1989; Govan, 1992a 
Tetraodon stellatus 
Crush or chip shells Heslinga et al., 1990; 
Govan, 1992a; 
Chambers, 2007 
TURTLES: Family Cheloniidae 
Caretta caretta - Bustard, 1972 
Chelonia mydas Break off shell flukes and ingest as calcium carbonate dietary supplement Weingarten, 1991 
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The wide array of defences exhibited by giant clams is also indicative of how 
important a food source they are. Giant clam and their predators are likely to 
have been in an evolutionary arms race for millions of years. To resist attacks 
from a diverse group of predators, giant clams have evolved a large overall 
body size (Carter, 1968), strong and heavy shells, reduced byssal orifice, 
sharp valve edges, and the capacity to tightly close their valves (Perron et al., 
1985; Alcazar, 1986; Govan et al., 1993). The shell projections (called scutes) 
in some Tridacna species are probably defences against crushing predators 
such as crabs and fish (Ling et al., 2008; Neo & Todd, 2011a). Neo & Todd 
(2011a) measured significantly greater shell strength in juvenile T. squamosa 
that were exposed to predator (crab) effluents. Other defence mechanisms 
include aggregation of conspecifics (Huang et al., 2007), camouflage (Todd et 
al., 2009), rapid mantle withdrawal (McMichael, 1974; Neo, 2009), and 
squirting of water from their siphons (Fankboner, 1981; Neo, 2009). 
 
2.2.3. Expelled materials 
Opportunistic feeders may also feed upon the materials (i.e. gametes and 
faeces) expelled by giant clams (Ricard & Salvat, 1977; Lucas, 1994). At the 
Silaqui ocean nursery, Bolinao, Philippines, a large school of blue sprat, 
Spratelloides delicatulus, fed for at least 3 h on the gametes released by T. 
gigas (Maboloc & Mingoa-Licuanan, 2011). Routine releases of undigested, 
photosynthetically functional zooxanthellae in faeces (Ricard & Salvat, 1977; 
Trench et al., 1981) may be important sources of organic matter in closed or 
semi-closed systems, such as the atoll lagoons in French Polynesia (Ricard & 
Salvat, 1977; Richard, 1977). To regulate symbiont density (Baghdasarian & 
Muscatine, 2000; Fishman et al., 2008), a T. derasa can discharge 4.9 (S.E. 
M.L. Neo (2013) Giant clams (Subfamily Tridacninae) in Singapore: Past, Present, and Future 
28 
±2.6) × 105 cells clam-1 d-1 of intact zooxanthellae (Maruyama & Heslinga, 
1997) and T. gigas can discharge 4.7 (S.E. ±0.33) × 105 cells clam-1 d-1 (Buck 
et al., 2002). These are both several orders of magnitude higher than the 
release rates of corals (Yamashita et al., 2011). Also, the faeces contain 
substantial amounts of mucus and protein, and are hence nutritious (Ricard & 
Salvat, 1977). For example, fecal pellets are a significant dietary component 
for the adult black damselfish, Neoglyphidodon melas (Allen, 1977; Waller, 
2005; Chan, 2007). 
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2.3. Giant clams as shelter 
2.3.1. Shelters for coral reef fish 
Coral reef fish diversity is related to coral cover (Bell & Galzin, 1984; Ault & 
Johnson, 1998) and substrate complexity (Gratwicke & Speight, 2005a; Lingo 
& Szedlmayer, 2006). Dense aggregations of giant clams can increase 
topographic heterogeneity of the seabed (see section 2.4.1), and hence serve 
as nurseries and shelters for fishes (Fig. 2.1). A restoration study in the 
Philippines demonstrated that T. gigas introduced onto degraded reefs 
significantly improved fish diversity and abundance compared to control plots 
(Cabaitan et al., 2008). An increase in habitat relief (Charbonnel et al., 2002; 
Gratwicke & Speight, 2005b; Lingo & Szedlmayer, 2006) usually facilitates 
recruitment and settlement of juvenile fish (Lecchini et al., 2007) and helps 
reduce predation by providing refuges (Beukers & Jones, 1997). The large 
mantle cavities of tridacnids also provide shelter for smaller fishes, such as 
the pearlfish, Encheliophis homei (Bonham, 1960; Trott & Chan, 1972; Trott, 
1981) and anemone fishes in the absence of host anemones (Arvedlund & 
Takemura, 2005). Finally, the clamʼs shell ridges can provide obscure 









Figure 2.1. Giant clam (Tridacna squamosa) & goby (Pleurosicya mossambica) – At 
Koh Bon Bay, Similan Islands Underwater Park, Thailand, SEA. (Photograph by 
Stuart WestMorland, reproduced with permission) 
 
2.3.2. Shell surfaces for epibionts 
On coral reefs, where settlement surfaces are limiting, epibiosis is an 
alternative colonisation strategy for sessile organisms (Abellö et al., 1990; 
Wahl & Mark, 1999; Harder, 2008). However, while epibiosis may be common 
in marine ecosystems (Harder, 2008), only a few studies have discussed its 
ecological importance (Abellö et al., 1990; Creed, 2000; Botton, 2009). Giant 
clam shell valves harbour a wide variety of burrowing (Yonge, 1955; Turner & 
Boss, 1962) and encrusting (Roscoe, 1962; Rosewater, 1965) reef 
inhabitants (Figs. 2.2 and 2.3). Some epibiota such as algae (Fatherree, 
2006), boring sponges (Norton et al., 1993), the boring worm, Oenone fulgida 
(Delbeek & Sprung, 1994), and pest anemones, Aiptasia spp. (Fatherree, 
2006) can harm their tridacnid hosts. Uncontrolled algae on juvenile clams 
can reduce growth and lead to death by interfering with valve movement 
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(pers. obs.). Conversely, epibiota may protect their hosts by providing anti-


















Figure 2.2. A living Tridacna 
squamosa (Shell length, SL = 
345 mm) on the reef flats of 
Pulau Jong, Singapore. A and 
B show the highly encrusted 
shell surfaces. Some epibiota 
include the crustose coralline 
algae, seaweed, sponges, 
bryozoans, tubeworms, soft 
corals, and various other 
invertebrates. (Photograph by: 
Neo Mei Lin) 
 
 




Figure 2.3. “A clam within a clam” – An embedded Tridacna crocea in a large 
Tridacna gigas individual. Taken at "Clam City", North of Mecherchar Island, Republic 
of Palau on Mar.2011. (Photograph by Dr. Tan Hong Yee, reproduced with 
permission) 
 
Although there have been anecdotal observations (e.g. Yonge, 1955; Roscoe, 
1962; Delbeek & Sprung, 1994; Fatherree, 2006), no study to date has 
identified exactly what lives on giant clam shells. Hence, we surveyed the 
epibiota of T. squamosa, the prominent species on Singaporeʼs coral reefs 
(Neo & Todd, 2012a). The following epibiota were identified and determined 
by taxonomic authorities: sponges by Lim Swee Cheng; polychaetes by Lee 
Yen Ling; crustaceans by Dr Tan Swee Hee; and ascidians by Serina Lee, 
while guidebooks were used to identify the algae (Trono, 1997) and molluscs 
(Wye, 2000; Dharma, 2005). A preliminary checklist from nine T. squamosa 
individuals (shell lengths 236 to 400 mm) revealed at least 19 families and 22 
genera of organisms living on their shells (see Table 2.4). This list is not 
exhaustive, as identifications of brittle stars, sponges, worms, and shrimps 
are ongoing. 
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Table 2.4. A list of epibionts living on the shells of the fluted giant clam, Tridacna 
squamosa (n = 9) found on the coral reefs of Singapore. 
 
Family Genus Species Locality of Giant Clam 
ALGAE 
Dictyota  Beting Bemban Besar Dictyotaceae Padina Sisters Island 
Galaxauraceae Actinotrichia Sisters Island 
Gracilariaceae Gracilaria Beting Bemban Besar, Terumbu Semakau 
Hypneaceae Hypnea Raffles Lighthouse 
Sargassaceae Sargassum 
Awaiting Identification 
Beting Bemban Besar 
SPONGES 
Sp. 1 Terumbu Semakau 
Sp. 2 Terumbu Semakau 
Sp. 3 Terumbu Semakau 
Sp. 4 Terumbu Semakau 
Sp. 5 Beting Bemban Besar 
Sp. 6 Beting Bemban Besar 
Sp. 7 Beting Bemban Besar 
Sp. 8 Beting Bemban Besar 
Sp. 9 Beting Bemban Besar 
Sp. 10 Kusu Island 
Sp. 11 Kusu Island 
Sp. 12 Kusu Island 





Eunicidae Beting Bemban Besar, Raffles Lighthouse 





Shrimp Sp. 1 Sisters Island 
Shrimp Sp. 2 Sisters Island 
Shrimp Sp. 3 Sisters Island 
Shrimp Sp. 4 Sisters Island 
Shrimp Sp. 5 Kusu Island 
Shrimp Sp. 6 
Awaiting Identification 
Kusu Island 
Galatheidae Galathea Awaiting Identification Kusu Island 
Portunidae Thalamita spinicarpa Beting Bemban Besar 
Tychidae Micippa Awaiting Identification Terumbu Bemban 
Pilodius Awaiting Identification Raffles Lighthouse Xanthidae Pilodius granulatus Beting Bemban Besar 
BIVALVES 
Anadara gubernaculum Beting Bemban Besar 
Arca avellana Beting Bemban Besar, Kusu Island 
Arca boucardi Beting Bemban Besar 
Arca navicularis Beting Bemban Besar 
Barbatia decussata  Beting Bemban Besar 
Arcidae 
Barbatia fusca Beting Bemban Besar 
Malleidae Malleus anatinus Kusu Island 
Amygdalum peasei Beting Bemban Besar Mytilidae Septifer bilocularis Beting Bemban Besar 
Pinctada  margaritifera  Beting Bemban Besar Pteriidae Pteria penguin Beting Bemban Besar 
GASTROPODS 
Cypraea pallida Beting Bemban Besar Cypraeidae Herpertopoma atrata Beting Bemban Besar 
Trochidae Stomatella impertusa Beting Bemban Besar 
ECHINODERMS 
Brittle star Sp. 1 Kusu Island 
Brittle star Sp. 2 Awaiting Identification Beting Bemban Besar 
ASCIDIANS 
Styelidae Styela  Awaiting Identification Kusu Island 
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2.3.3. Hosting ectoparasites 
Cyclopoid copepods have been associated with giant clams (Table 2.5). Even 
though they are capable of influencing their host demographics (Dobson & 
May, 1987; Finley & Forrester, 2003; Johnson et al., 2004), the biology of 
giant clam-associated cyclopoids is poorly understood. Anthessius and 
Lichomolgus are usually found within the mantle cavity (Humes, 1972, 1976), 
while Paclabius inhabits the pericardium, i.e. the membrane enclosing the 
heart (Kossmann, 1877). Multiple cyclopoid species have also been found 
within the same clam (Humes, 1972, 1976). Ectoparasitic gastropods are also 
known to plague giant clams, and are especially severe in cultured juveniles 
(Cumming, 1988; Cumming & Alford, 1994). 
 
Table 2.5. A list of Cyclopoid copepods species known to occur in specific host 
tridacnids. Literature review based on: Humes & Stock, 1965; Humes, 1972, 1973, 
1976, 1993; Kossmann, 1877. 
 
Cyclopoid Copepods Cpecies Host Giant Clam Species Recorded Localities 
Tridacna gigas Marshall Islands 
Tridacna maxima Marshall Islands; New Caledonia; Red Sea Anthessius alatus Humes & Stock, 1965 
Tridacna squamosa Madagascar; Marshall Islands; Moluccas; New Caledonia 
Hippopus hippopus Marshall Islands 
Tridacna maxima New Caledonia; Red Sea Anthessius amicalis Humes & 
Stock, 1965 Tridacna squamosa Madagascar; Marshall Islands; New Caledonia 
Anthessius discipedatus Humes, 
1976 Hippopus hippopus Moluccas 
Anthessius solidus Humes & 
Stock, 1965 Tridacna squamosa Madagascar; Marshall Islands 
Lichomolgus hippopi Humes, 
1976 Hippopus hippopus Moluccas 
Hippopus hippopus Moluccas 
Tridacna gigas Marshall Islands Lichomolgus tridacnae Humes, 1972 Tridacna squamosa Marshall Islands 
Tridacna sp. Philippines Paclabius tumidus Kossmann, 
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2.3.4. Hosting commensals 
Bivalves are hosts to a diversity of commensal fauna (Blanco & Ablan, 1939; 
Johnson & Liang, 1966; De Grave, 1999), providing refuge (Rosewater, 1965) 
and/or food (Orton, 1920; Fankboner, 1972). The recorded commensals of 
tridacnids include the pinnotherid pea crabs (Fig. 2.4; Table 2.6) and 
pontoniinid shrimps (Figs. 2.5 and 2.6; Table 2.7). Pea crabs are common 
within the mantle cavities of bivalves (Stauber, 1945; Schmitt et al., 1973), 
positioning themselves on the ctenidial surface (gills) with their strong grip 
and gaining access to food aggregated by the host (Orton, 1920; Stauber, 
1945). Xanthasia murigera (Fig. 2.4) is probably the most widespread, being 
found in five clam species (Takeda & Shimazaki, 1974; Garth et al., 1987). 
The pontoniinid shrimps can also be found within the mantle cavities of giant 
clams. With hooked walking-leg dactyls (Fujino, 1975), they anchor 
themselves against the currents generated by the gills, avoiding expulsion 
(Fankboner, 1972). While some species are commensal to multiple tridacnid 
species (Rosewater, 1961; Bruce, 1983; De Grave, 1999), Anchistus gravieri 
appear to be obligate to H. hippopus (McNeill, 1953; Bruce, 1977, 1983) 
whereas Paranchistus armatus is restricted to T. gigas (Bruce, 1983, 2000). 
 




Figure 2.4. Commensal pinnotherids, Xanthasia murigera (A & B: Carapace length, 
CL = 5 mm and C & D: CL = 11.5 mm; ZRC2013.0790) found within the mantle cavity 
of a fluted giant clam, Tridacna squamosa (SL = 150 mm). Taken at Tropical Marine 
Science Institute, Singapore on 23 May.2012. (Photograph by: Neo Mei Lin) 
 
Table 2.6. A list of Pinnotherid pea crabs species known to occur in specific host 
tridacnids. Review based on: Ahyong & Brown, 2003; Ahyong & Ng, 2005; Blanco & 
Ablan, 1939; Garth et al., 1987; Grant & McCulloch, 1906; Holthuis, 1952; McNeill, 
1928–29; Rosewater, 1965; Schmitt et al., 1973; Takeda & Shimazaki, 1974. 
 
Pinnotherid Pea Crab Species Host Giant Clam Species Recorded Localities 
Giant clams Red Sea; South Africa 
Ostracotheres tridacnae (Rüppell, 
1830) 
Tridacna maxima Unknown 
Giant clams Malayan Peninsula; Mergui Archipelago 
Tridacna sp. Singapore 
Tridacna gigas Unknown 
Tridacnatheres whitei (De Man, 
1888) 
Tridacna squamosa Malaysia; Vietnam 
Giant clams 
Andaman Islands; Australia; 
Fiji; India; Indonesia; 
Marshall Islands; Mergui 
Archipelago; Mozambique; 
New Caledonia; Palau 
Islands; Philippines; PNG 
Hippopus sp. Australia 
Hippopus hippopus GBR, Australia 
Tridacna crocea Australia; Santa Cruz Islands; Thailand 
Tridacna gigas Marshall Islands 
Tridacna maxima GBR, Australia 
Xanthasia murigera White, 1846 
Tridacna squamosa GBR, Australia; Philippines; Thailand 
 




Figure 2.5. Commensal pontoniinids, Anchistus spp. (A: Body length, BL = 18 mm; 
ZRC2013.0791 and B: BL = 25 mm; ZRC2013.0792) found within the mantle cavity of 
a fluted giant clam, Tridacna squamosa (SL = 355 mm). Taken at Tropical Marine 




Figure 2.6. In situ photograph of commensal pontoniinid, Anchistus sp. (BL = 34 mm) 
found on the mantle of a fluted giant clam, Tridacna squamosa (SL = 243 mm). Taken 
at the outdoor aquarium of the Tropical Marine Science Institute, Singapore on 30 
Sept.2012. (Photograph by: Neo Mei Lin) 
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Due to their long lifespans, giant clams can host many generations of 
commensals (Bruce, 2000). Commensals have access to a regular food 
supply (Orton, 1920; Fankboner, 1972), and the absence of any trauma of 
collected examples suggests that life within tridacnids is secure (Bruce, 
2000). In general, however, the ecology of commensals within giant clams 
has received little attention, as clams are legally protected on most coral reefs 
and there is a reluctance to sacrifice large specimens for commensal studies 
(Bruce, 2000). Nevertheless, it is clear that protecting giant clams has direct 
benefits for the organisms they host, particularly obligate commensals such 
as the shrimp P. armatus, which is found only in T. gigas (Bruce, 2000). 
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Table 2.7. A list of Pontoniinid shrimps species known to occur in specific host 
tridacnids. Review based on: Borradaile, 1917; Bruce, 1972, 1973, 1974a, 1974b, 
1975, 1976, 1977, 1978, 1979, 1980, 1991, 1993; Bruce & Coombes, 1995; Dana, 
1852; De Grave, 1999; Devaney & Bruce, 1987; Fankboner, 1972; Fransen, 1994, 
1995; Holthuis, 1952, 1953; Johnson, 1961; Kemp, 1922; Kubo, 1940, 1949; Li, 1997; 
McNeill, 1953, 1968; Miyake & Fujino, 1968; Müller, 1993; Pesta, 1911; Rosewater, 
1965. 
 
Pontoniinid Shrimp Species Host Giant Clam Species Recorded Localities 
Hippopus hippopus Papua New Guinea (PNG) 
Tridacna sp. 
Australia; Fiji; Indonesia; 
Marshall Islands; New 
Caledonia 
Tridacna derasa Great Barrier Reef (GBR), Australia 
Tridacna gigas PNG 
Anchistus australis Bruce, 1977 
Tridacna squamosa GBR, Australia; PNG 
Tridacna sp. 
Andaman Islands; Kenya; 
Madagascar; Marshall Islands; 
PNG; Seychelles; Thailand; 
Zanzibar 
Tridacna crocea Malaysia 
Tridacna gigas GBR, Australia 
Tridacna maxima 
GBR, Australia; Central East 
Africa; PNG; Seychelles; 
Thailand; Vietnam 
Anchistus demani Kemp, 1922 
Tridacna squamosa Central East Africa; PNG 
Anchistus gravieri Kemp, 1922 Hippopus hippopus GBR, Australia; New Caledonia; Santa Cruz Islands 
Hippopus hippopus 
Australia; China, South China 
Sea (SCS); Marshall Islands; 
Palau Islands 
Tridacna sp. 
China, SCS; Maldive Islands; 
PNG; Seychelles; Singapore; 
Spratly Islands, SCS; Vietnam 
Tridacna crocea Palau Islands 
Tridacna gigas GBR, Australia 
Tridacna maxima Central East Africa; PNG; Seychelles; Vietnam 
Anchistus miersi (De Man, 1888) 
Tridacna squamosa 
Central East Africa; Malaysia; 
Palau Islands; Seychelles; 
Vietnam 
Conchodytes meleagrinae Peters, 1852 Tridacna sp. Unknown 
Tridacna sp. 
Andaman Islands; Australia; 
China, SCS; Japan; Laccadive 
Islands; Maldive Islands; 
Marshall Islands; Palau 
Islands; Samoa; Seychelles; 
Spratly Islands, SCS; 
Tridacna crocea Palau Islands 
Tridacna derasa GBR, Australia 
Tridacna gigas Unknown 
Tridacna maxima GBR, Australia; Central East Africa; Seychelles; Thailand  
Conchodytes tridacnae Peters, 1852 
Tridacna squamosa GBR, Australia 
Marygrande mirabilis Pesta, 1911 
 
Currently accepted as partim Anchistus 
miersi, partim Anchistus custos (Forskål, 
1775) 
Tridacna gigas Samoa 
Tridacna sp. 
GBR, Australia; Indonesia; 
Gilbert Islands; Marshall 
Islands; Palau Islands; PNG Paranchistus armatus (H. Milne-Edwards, 
1837) 
Tridacna gigas GBR, Australia; Japan; Palau Islands; PNG 
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2.4. Reef-scale contributions by giant clams 
2.4.1. Calcium carbonate budgets 
The calcium carbonate framework of coral reefs is maintained by opposing 
processes of carbonate production and removal (Stearn et al., 1977; Le 
Campion-Alsumard et al., 1993; Mallela & Perry, 2007). Scleractinian corals 
are the primary carbonate producers on most tropical reefs (Hubbard et al., 
1990; Vecsei, 2004), followed by calcareous algae, gastropods, bivalves, and 
foraminifera (Mallela & Perry, 2007; Perry et al., 2012). Carbonate production 
builds up the reef framework (Aharon, 1991; Perry et al., 2012), and also acts 
to stabilise, consolidate, and strengthen it (Martindale, 1992; Rasser & Riegl, 
2002). While removal via bioerosion (McLean, 1972; Hutchings, 1986), wave 
action (Hubbard et al., 1990), and chemical processes erode this carbonate 
framework, some by-products are later integrated back into the reef as 
unconsolidated sediments (Hubbard et al., 1990; Aline, 2008). Carbonate 
budgets of any reef are a result of production and removal, and the balance 
between these processes influences reef growth and stability. Even though 
they have large calcified shells, giant clams are rarely mentioned as 
carbonate contributors to reef frameworks. 
 
Giant clams as carbonate builders. – Tridacnid shells are mostly made up 
of aragonite—a calcium carbonate polymorph (Moir, 1990; Aubert et al., 
2009; Faylona et al., 2011). Shell carbonates are mostly derived from ambient 
DIC (Romanek & Grossman, 1989), but it is not unusual for mollusc shells to 
reflect a mix of metabolic carbon sources (Tanaka et al., 1986). Carbon 
isotopic analyses (δ13C) of Tridacna shells suggest a combination of carbon 
(Jones et al., 1986; Watanabe et al., 2004) originating from ambient DIC, 
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metabolic respiration of carbon dioxide, and zooxanthellae photosynthesis 
within the mantle tissues (Watanabe et al., 2004). Of the carbon absorbed for 
growth, 10% to 30% is deposited into shells of Tridacna species whereas 
30% to 50% is deposited into H. hippopus shells (Klumpp & Griffiths, 1994). 
Shell production by T. gigas and T. maxima were estimated based on studies 
Klumpp & Griffiths (1994) and Gilbert et al. (2006b) respectively. The dense 
T. maxima atoll populations in French Polynesia are capable of producing 23 
to 37 tonnes per hectare of new shell material annually (Table 2.2). Large 
quantities of calcium carbonate are found in the shells of live clams, and 
when a clam dies, its shell remains a calcium carbonate deposit. In French 
Polynesia, masses of clam shells are so dense that they create small islands 
called mapiko (Gilbert et al., 2006a, 2006b). 
 
Mollusc shells are known to influence their environments, either by creating, 
modifying or maintaining habitats for other organisms (Gutiérrez et al., 2003). 
Earlier, we discussed how giant clam shells provide refuge from predation 
stress (see section 2.3.1), and substrata for epibionts (see section 2.3.2). 
Giant clams can also modulate water flow and fluid transport as they produce 
topographical relief on the seabed (Weingarten, 1991; Cabaitan et al., 2008). 
Depending on their density, their influence on water flow can be significant. 
Giant clam shells are expected to agitate flow boundary layers more than 
smaller bivalves (Grant et al., 1992; Pilditch et al., 1998), since flow 
perturbation is correlated to the heights and diameters of protruding objects 
(Eckman & Nowell, 1984). Aggregates of giant clams are likely to further 
increase flow perturbation and cause turbulence eddies (Lenihan, 1999). 
These hydrodynamic disturbances in turn affect the rates at which transport of 
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particles and solutes can occur (Gutiérrez et al., 2003). For instance, 
aggregates of bivalves have been shown to alter sediment transport patterns 
and rates (Grant et al., 1992; Lenihan, 1999), enhance phytoplankton down-
flux (Pilditch et al., 1998), and increase species richness (Gutiérrez et al., 
2003; Cabaitan et al., 2008). Even after death, the heavy shells of giant clams 
remain and continue to affect water flow. 
  
Giant clams as bioeroders. – Types of bioeroders such as grazers, etchers 
(e.g. bacteria, fungi, and algae that bioerode via chemical means), and borers 
can increase the removal rate of the reefʼs carbonate framework (Clapp & 
Kenk, 1963; Hutchings, 1986). The boring tridacnid species, T. crocea and to 
a lesser extent T. maxima (Hamner & Jones, 1976; Yonge, 1980; Hutchings, 
1986), are found embedded in either live or dead coral heads (Morton, 1990). 
Burrowing by T. crocea has been described as both a mechanical process 
and chemical etching. Mechanically, T. crocea enlarge their burrows by 
grinding back and forth within them, and fine shell corrugations on their valves 
wear away at the burrow walls (Yonge, 1953; Hamner & Jones, 1976). 
Chemical etching (Hedley, 1921; Hamner & Jones, 1976; Yonge, 1980) is 
performed by an extension of the pedal mantle tissue out of the byssal 
opening, dissolving the substrate under and around the clam via excreted 
solvents (Hamner & Jones, 1976; Yonge, 1980; Fatherree, 2006). 
 
Based on Hamner & Jones (1976), T. crocea are efficient bioeroders, capable 
of producing 140 g m-2 yr-1 of sediments. This production rate is comparable 
to that of sponges, Clione spp. (Holmes, 2000; Zundelevich et al., 2007), and 
higher than that of polychaete worms (Davies & Hutchings, 1983; Chazottes 
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et al., 1995) and other bivalves, such as Lithophaga spp. (Trudgill, 1976; 
Scott et al., 1988). Tridacna crocea are frequently observed atop dead rubble, 
unfixed coral heads or large coral boulders such as Porites spp. (Hamner & 
Jones, 1976). Over time, the erosive effect of burrowing results in the 
flattening and/or breaking up of dead coral heads (Glynn, 1997) but, because 
this effect is limited to this particular habitat, excessive attrition of the reef is 
prevented (Paulay & Kerr, 2001; Aline, 2008). Even though little is known 
about T. maximaʼs bioerosion capability, McMichael (1974) and Hutchings 
(1986) both remarked that due to T. maximaʼs much higher densities, it could 
also contribute significantly to biological erosion on coral reefs. 
 
2.4.2. Source of zooxanthellae (Symbiodinium spp.) 
The symbiosis between giant clams and zooxanthellae (Muscatine, 1967; 
Goreau et al., 1973; Ishikura et al., 1999) enables giant clams to act as algal 
reservoirs (DeBoer et al., 2012). The enlarged siphonal tissues (Yonge, 1936, 
1980; Stasek, 1962) and the highly branched tubular system that does not 
connect to the hemolymph and stomach (i.e. meaning that these alga cells 
evade the digestive glands; Fankboner & Reid, 1990; Norton et al., 1992) 
facilitate permanent symbiosis (Yonge, 1936; Muscatine, 1967; Fankboner, 
1971). As this tubular system provides numerous ʻmicrohabitatsʼ (Norton et 
al., 1992), two or more distinct symbionts can co-exist, preventing competition 
and exclusion (Carlos et al., 2000). This helps explain how multiple distinct 
zooxanthellae genotypes can exist simultaneously in a single host (Rowan et 
al., 1996; Baillie et al., 2000; Carlos et al., 2000). 
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Specialised hyaline organs (hitherto regarded as eyes) found along the 
mantle edge in Tridacna but absent in Hippopus (Stasek, 1966), serve to 
enhance zooxanthellae growth and numbers (Stasek, 1966; Norton & Jones, 
1992). These could function as ʻwindowsʼ that concentrate sunlight, 
distributing it to tissues deeper within the mantle (Yonge, 1936). Dense 
accumulation and faster growth of zooxanthellae occur around each hyaline 
organ (Stasek, 1966). The tridacnidsʼ shallow-water distribution and the need 
to gather sunlight for maximum photosynthesis (Yonge, 1936) render them 
vulnerable to strong ultraviolet (UV)-A and -B rays (Smith & Baker, 1979), 
which are harmful to both host and symbiont (Lesser & Shick, 1989; Ishikura 
et al., 1997). To protect against UV overexposure, the mantles of tridacnids 
contain significant concentrations of UV-absorbing mycosporine-like amino 
acids (Ishikura et al., 1997) that may act as UV screens (Shick et al., 1995; 
Dunlap & Shick, 1998). Furthermore, their lattice of iridophores interferes with 
UV light (Goreau et al., 1973; Griffiths et al., 1992). 
 
2.4.3. Counteracting eutrophication 
In coastal marine waters, corals may be competitively excluded by 
macroalgae or heterotrophic filter feeders as the water becomes more 
eutrophic (Fabricius, 2005). Giant clams can counteract eutrophication in two 
ways: by filtering water (Klumpp & Griffiths, 1994) and by sequestering 
nutrients (see section 2.2.1). Filtration rates of T. crocea and T. gigas were 
calculated using equations from Klumpp & Griffiths (1994). Giant clams filter 
large quantities of seawater; even a sparse (0.04 clams m-2) population of 
mature T. gigas on the Great Barrier Reef is capable of filtering over 28,000 l 
of water per hour (Table 2.2.). Giant clams clear water of particulate matter 
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(and algal cells) efficiently (i.e. Tridacna spp. absorb 51-58% while Hippopus 
hippopus absorbs 81%; Klumpp & Griffiths, 1994). Regardless of whether 
algal biomass is assimilated by the clams or excreted as faeces, it will be 
removed from the water column in the short term and thus not contribute to 
turbidity. By locking nutrients away in biomass (Table 2.2), giant clams also 
sequester them from the water where they would otherwise encourage algae 
to flourish. 
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2.5. Summary 
Giant clams are effective ecosystem engineers that play multiple roles on 
coral reefs. Healthy populations, such as those found in the atolls of French 
Polynesia, are capable of producing up to 238 kg DWT biomass annually per 
hectare of coral reef. This high production, coupled with their wide range of 
known predators (and their defences), suggests that giant clams are an 
important food item. In addition to their soft tissues, gametes and faeces are 
also food to opportunistic feeders. Unlike other bivalves, the large body size 
and shell surfaces of giant clams enable them to shelter fish, host a wide 
diversity of epibionts, ectoparasites, and commensals, and influence water 
flow over the reef. Furthermore, giant clams are the only known host for some 
species, such as the pontoniinid shrimp P. armatus. At the reef-scale, dense 
populations of giant clams can annually produce up to 37 tonnes of shells per 
hectare of coral reef, far outweighing erosion by T. crocea and T. maxima. 
The symbiosis between giant clams and Symbionidium zooxanthellae 
protects symbionts from UV irradiation and the clams in turn act as algal 
reservoirs. Due to their sheer size, filtration functions in giant clams are 
expected to exceed other bivalves and could help counteract eutrophication. 
While we have only evaluated the ecological roles of the more common giant 
clam species: H. hippopus, T. crocea, T. derasa, T. gigas, T. maxima, and T. 
squamosa, we expect that the rarer species [T. rosewateri, T. squamosina 
(previously known as T. costata), T. tevoroa, and H. porcellanus] perform 
functions similar to those of their close relatives. Given the range of ecological 
contributions giant clams make to coral reefs, it is apparent that their 
conservation would yield benefits beyond the preservation of a single taxon. 
M.L. Neo (2013) Giant clams (Subfamily Tridacninae) in Singapore: Past, Present, and Future 
47 
CHAPTER 3. GIANT CLAMS IN SINGAPORE: HISTORY, 
RESEARCH, AND CONSERVATION2 
3.1. Introduction 
Globally, there are ten living giant clam (Tridacninae) species. These are 
distributed among the shallow coral reefs of the Indian and South Pacific 
Oceans (Rosewater, 1965; Richter et al., 2008; bin Othman et al., 2010). 
Population numbers are in decline in various countries, including Australia, 
Indonesia, Malaysia, and Philippines (Alcala, 1986; Braley, 1987a; Copland & 
Lucas, 1988; Pringgenies et al., 1995; Tan & Yasin, 2003). This can generally 
be attributed to environmental degradation (Newman & Gomez, 2000), 
exploitation for food (Hester & Jones, 1974), plus the sale and export of wild 
specimens (Wells, 1997). Data from the Convention on International Trade in 
Endangered Species of Wild Fauna and Flora (CITES) indicate that the 
international trade in non-captive bred giant clams increased from ~40,000 
individuals in 1993 to ~100,000 in 2001 (Wabnitz et al., 2003). To alleviate 
fishing pressure on wild stocks, there has been a concerted effort to sell 
cultured clams (e.g. OʼCallaghan, 1995; Heslinga, 1996; Bell et al., 1997). 
The deterioration of coral reef habitats has potentially the greatest negative 
impact on giant clam populations throughout the Indo-Pacific. For example, 
development occurring around Singaporeʼs coastline has caused extensive 
loss of coral reefs and their associated fauna and diversity (Chou, 1999; Todd 
et al., 2010). 
 
                                                
2 This chapter has been published in Neo, M.L. & P.A. Todd, 2012. Giant clams (Mollusca: 
Bivalvia: Tridacninae) in Singapore: History, Research and Conservation. Raffles Bulletin of 
Zoology, 25: 67–78.  
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Even though giant clams are prominent reef fauna (Mingoa-Licuanan & 
Gomez, 2002), their ecological roles are not well understood. When common, 
they can be major contributors to a reefʼs overall productivity (Hardy & Hardy, 
1969; Jantzen et al., 2008). Giant clams can provide three sources of food: 
tissue, faeces, and gametes (which are broadcast spawned) to a wide range 
of predators and opportunistic feeders (Ricard & Salvat, 1977; Govan, 1992a; 
Maboloc & Mingoa-Licuanan, 2011). They also add topography and, in high 
densities, serve as nurseries to various organisms (Mingoa-Licuanan & 
Gomez, 2002; Cabaitan et al., 2008). For example, the presence of Tridacna 
gigas on degraded patch reefs has been shown to increase both abundance 
and species richness of fish and other biota (Cabaitan et al., 2008). Their 
calcified shells provide a stable substrate for sedentary taxa such as corals 
(Dizon et al., 2008). The burrowing and semi-burrowing giant clam species, T. 
crocea and T. maxima respectively (Rosewater, 1965; Hamner & Jones, 
1976) contribute calcium carbonate sediments (Aline, 2008), e.g. a single T. 
crocea can produce up to 200 g m-2 yr-1 (Hamner & Jones, 1976). Finally, the 
shells of all giant clam species represent a substantial quantity of dense 
calcium carbonate that eventually becomes incorporated into the three-
dimensional reef structure (Weingarten, 1991). 
 
Giant clams have been important to people as food and for materials in many 
countries and historical periods (Miller, 1979; Hviding, 1993); they are also 
steeped in folklore. Pacific islanders previously misunderstood them as ʻkiller 
clamsʼ due to their large size and strong shell valves (Rosewater, 1965) and 
believed they were able to drown divers by holding onto them. Early accounts 
in Cobb (1939) reported casualties caused by T. gigas that resulted in a 
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diverʼs death and another who lost his legs (Rosewater, 1965). Tridacna 
gigas was also strongly associated with religious beliefs throughout the 
Solomon Islands (Hviding, 1993) and considered taboo food (e.g. they could 
not be eaten by women). The heavily calcified shells of giant clams have 
frequently been used as household items such as soap dishes, doorstops, 
and food troughs for domesticated animals (Hocart, 1931; Charatsee & 
Hylleberg, 1992; Heslinga, 1996). In the past, Solomon locals bartered with 
ʻdisc moneyʼ made from tridacnid valves (Weingarten, 1991). Giant clam 
shells continue to be crafted into ornaments (Heslinga, 1996) and exported to 
various countries including Japan, Australia, Europe, and the USA (Dawson & 
Philipson, 1989; Charatsee, 1994; Mingoa-Licuanan & Gomez, 2002). As a 
construction material, fossilised valves from T. derasa and T. gigas buried in 
reef flats off Java have been used to make terrazzo tiles (Brown & 
Muskanofola, 1985). Collection, however, has been reported to cause 
extensive damage to coral reefs of the Thousand Islands (Pulau Seribu), 
West Java (Salm, 1981), by breaking up reef flats and producing sediment 
clouds. Unfortunately, this tile trade has also led to the exploitation of living 
clams. 
 
Tridacnids are still highly prized for their adductor muscle, mantle flesh, and 
shells (Hester & Jones, 1974; Mingoa-Licuanan & Gomez, 2002). On the 
Pacific Islands, clam meat is an important source of protein nutrition (Tisdell, 
1986) and it is believed by islanders that consumption prevents night 
blindness; indeed, this may be the case as high amounts of vitamin A can be 
found in the zooxanthellae (Hviding, 1993). While the islanders heavily 
harvested T. crocea as a staple food, other clam species were only taken 
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during special occasions (Hviding, 1993). From the early 1990s, Taiwan and 
Okinawa have been the most established markets for clam meat, particularly 
the adductor muscle (Dawson & Philipson, 1989; Shang et al., 1991). 
Pearson (1977) estimated that since 1960, Taiwanese vessels alone have 
harvested up to a million clams per year along the northern regions of the 
Great Barrier Reef. Captured Taiwanese clam vessels yielded >80 tons of 
clam muscle taken from over 500,000 clams (Pearson, 1977; Hirschberger, 
1980). All giant clams are protected by the CITES (Appendix II) and, in 
Singapore, T. squamosa is listed as ʻEndangeredʼ on the Singapore Red Data 
Book (Davison et al., 2008). 
 
Naturalists visiting Singapore in the early 19th century described the intense 
exploitation of marine flora and fauna by local fishermen (Traill, 1847; 
Belcher, 1848; Denny, 1894). These accounts include the first mention of 
giant clams in Singapore, where two Hippopus species: one unnamed and 
the other H. maculatus (synonymised to H. hippopus), and three Tridacna 
species: T. crocea, T. gigas, and T. squamosa were found (Traill, 1847). 
Subsequent literature (e.g. Chuang, 1961, 1973a; Johnson, 1964; Rosewater, 
1965; Purchon, 1977; Purchon & Purchon, 1981; Henrey, 1982; Wells, 1988–
1989; Lim et al., 1994; Ng et al., 1995; Wells, 1997; Chua et al., 2003) notes 
the presence of H. hippopus, T. crocea, and T. squamosa, as well as a 
previously unmentioned species: T. maxima. The Raffles Museum of 
Biodiversity Research (RMBR) had its first two giant clams specimens 
deposited in 1933. The mention of T. gigas by Traill (1847) is noteworthy 
since it is absent in the 20th century literature and is not listed as native to 
Singapore by the International Union for Conservation of Nature (IUCN) 
M.L. Neo (2013) Giant clams (Subfamily Tridacninae) in Singapore: Past, Present, and Future 
51 
(Wells, 1996). Surveys of 29 Southern Island reefs conducted in 2009/2010 
found T. crocea and T. squamosa in extremely low numbers and no 
specimens of H. hippopus, T. gigas or T. maxima (Neo & Todd, 2012a). Here 
we review three aspects of giant clams in Singapore: history (evidence of 
presence and exploitation), research (mariculture, behaviour, and 
autecology), and conservation (present status of local clams and future 
restoration strategies). 
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3.2. History 
The earliest evidence for giant clams in Singapore comes from an 
aggregation of old tridacnid shells (shell lengths 49.8 to 190.0 mm) 
discovered during archaeological excavations at four sites along Singapore 
River and the former coastline (Fig. 3.1): Pulau Saigon (PS), Empress Place 
(EMP), Parliament House Complex (PHC), and St Andrewʼs Cathedral (STA). 
However, the stratum layers of the PS, PHC, and EMP sites were disturbed, 
mostly due to anthropogenic activities (Miksic, 2004), thus the shells could not 
be dated with confidence. STA was built on what was an indigenous 
settlement from at least the mid-14th to early 17th century. The Temenggong 
of Johore later reoccupied it until the British arrived in the early 19th century. 
An Anglican church was first built on these grounds in 1834 (Miksic & Lim, 
2004) and construction of the present cathedral commenced in 1856. STA 
was the least disturbed of the four excavation sites and based on the black 
sand (stained by charcoal; Miksic, 2004) found on shell surfaces, it is likely 
that the giant clams specimens found there are ~500 years old (pers. comms. 
Miksic, J.N.). 




Figure 3.1. Shell remains and fragments from the pre-colonial settlement sites near 
Singapore River. a) Tridacna crocea (STA); b) T. squamosa (STA); c) fragments from 
PHC and d) Hippopus hippopus (Pulau Saigon). 
 
Various literatures indicate that early inhabitants of modern Singapore relied 
heavily on fishing and collection of shells to provide sustenance (Traill, 1847; 
Denny, 1894; Chua & Chou, 1992). Traill (1847) mentioned that the poorer 
Malays and Chinese heavily exploited shellfish as food and searched the 
shores for them with such diligence that they were already scarce along some 
parts of the coast. This shell collection continued until the early 1990s when a 
few of Singaporeʼs Southern Islands still supported fishing villages (Tan, 
1966; Manap, 1983). Giant clams were known to the Malay fishers as ʻSiput 
kimaʼ (T. squamosa) and ʻSiput lupatʼ (H. hippopus) (Chuang, 1961; Purchon 
& Purchon, 1981) and were regularly harvested as food (Harrison & Tham, 
1973; Chou, 1984). The clams were not usually eaten immediately, but stored 
under the fishersʼ stilted houses to maintain freshness (pers. comms. Bin 
Duriat, M.R.), a practice also observed among Pacific Islanders (MacLean, 
1978; Larrue, 2006). Most of the evidence on harvesting in Singapore points 
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to domestic consumption (Dawson, 1986), with a limited market for clam meat 
(Dawson & Philipson, 1989; Khoo, 1991). Giant clam shells could also have 
been used for the production of lime (Denny, 1894), which was a major 
activity in early Singapore. Many Chinese immigrants worked as lime and 
brick burners and the native Malays used corals when preparing lime for 
domestic use (Denny, 1894). Lime production persisted until the 1950s, and 
villagers located along Tanjong Gul, Tanjong Teritip and Mata Ikan (between 
Bedok and Ayer Gemuroh) actively collected coral rocks and seashells in 
huge amounts for the manufacture of whitewash (Chua et al., 2003). Even 
though not mentioned explicitly, due to their heavy shells, it is likely that giant 
clams would also have been sought for the lime industry. 
 
Since its foundation, Singapore has attracted thousands of European and 
Chinese merchants because of its strategic trade and shipping position 
(Buckley, 1902). In 1836, Briton John Cameron lauded Singaporeʼs reefsʼ 
riches and noted an early market of rare seashells and corals in local 
harbours (Chua et al., 2003). Denny (1894) also indicated that Singapore was 
a well recognized “shell collecting centre”, where huge quantities of corals, 
shells, sea fans, and Neptuneʼs cup sponges were harvested by fishers 
(Belcher, 1848). The extent of this exploitation apparently decimated entire 
populations of sea fans to satisfy the demand by Europeans (Denny, 1894). 
Giant clams continued to fascinate foreign visitors with an array of reported 
uses. ʻBreeding pearlsʼ were well known to the residents of Singapore 
(Denny, 1878), having been alleged to possess the ability to reproduce fresh 
pearl specimens under certain conditions. Denny (1894) supposedly found 
one such breeding pearl at Tanah Merah Kechil beach (east Singapore) and 
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stated that very large pearls could be extricated from T. gigas. He also noted 
that one specimen used to be found at the foot of the stairs leading to Raffles 
Library. Rosewater (1965) mentioned the export of live T. maxima from 
Singapore to the United States of America, but no information was provided 
on the origins of these clams. 
 
Interest in T. gigas, the largest of the giant clams, was sparked when a 2007 
excavation of a site near Tyrwhitt Road (presently Peopleʼs Association 
Headquarters) uncovered some large T. gigas shells, of which 10 single 
valves were donated to RMBR in Sept.2009. These shells had to pre-date 
1932, as Victoria School was located there from 1932–1984. The site was 
previously a Malay village located beside the Kallang River (Buckley, 1902) 
and hence the shells could have been harvested from Singapore reefs for 
food and local trade, although the possibility that they originated from outside 
Singapore cannot be ruled out. Other accounts regarding T. gigas are 
anecdotal, such as the “The Great Oyster from Singapore (Tridacna gigas)” 
placed on display at the fisheries exhibition in London (Whymper, 1883) and 
the T. gigas shell at Mr. Ruleʼs London Oyster House on Maiden Lane, which 
supposedly fed 14 people in Singapore for six weeks (Daily Telegraph, 1914)! 
The strongest support for T. gigasʼs presence in Singapore is from the list of 
molluscs provided by William Traill in his chapter “A Few Remarks on 
Conchology and Malacology” in The Journal of the Indian Archipelago and 
Eastern Asia (Volume 1, Number 5) published in 1847. Here, T. gigas is 
clearly named (and is unlikely to be misidentified), the only caveat is that the 
full title of Traillʼs list is “Catalogue of the shells of Singapore and its vicinity” 
(although on subsequent pages “and its vicinity” is omitted)⎯leaving a small 
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doubt that he may have included islands beyond Singaporeʼs waters. 
Singapore is certainly within T. gigasʼs range (bin Othman et al., 2010) and, 
together, the evidence suggests that they once inhabited local reefs. 
 
It is apparent that giant clams were important food sources and trade items in 
19th century Singapore, and these factors were early drivers of the decline in 
clam numbers (Traill, 1847). Due to its value and conspicuousness, it is not 
surprising that T. gigas would be the first species to disappear. Hippopus 
hippopus was last recorded by Lee (1966), and T. maxima by Guest et al. 
(2008). Recent surveys have confirmed the absence of T. gigas, H. hippopus, 
and T. maxima, while T. crocea and T. squamosa are only present in low 
numbers (Neo & Todd, 2012a). The likelihood that Singapore has only 
recently lost some of these species is highlighted by the number of dead 
shells that were discovered during contemporary surveys (i.e. Neo & Todd, 
2012a). For instance, between Sept.2009 and Aug.2010, 10 H. hippopus and 
seven T. maxima valves were found (Table 3.1). Unfortunately, such shells 
are very difficult to age. Less than 60 years ago, tridacnids could be readily 
observed from the shore at low tide (Purchon & Enoch, 1954), something that 
is not possible now. 
 
Table 3.1. Number of dead (year of death unknown) giant clam shells collected during 
surveys conducted between Sept.2009 and Aug.2010. 
 
 
Even though giant clams are no longer exploited commercially, coastal 
developments since the 1960s (Chia & Khan, 1987; Yong et al., 1991) have 







Number of valves collected  10 17 7 4 
Shell length range (mm) 146 – 321 29 – 128 53 – 100 123 – 362 
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resulted in the degradation of coral reefs and their associated fauna (Low & 
Chou, 1994; Chou, 1999). Fringing and patch reefs once surrounded 
Singaporeʼs coastline (Chuang, 1973a, 1977), but many were buried to 
provide new land. For example, giant clams were previously found on 
Tanjong Teritip (Lee, 1966), Pulau Seringat, and Terumbu Bayan (Guest et 
al., 2008) but these reefs have been reclaimed (covered over) in their entirety. 
Very little is known regarding the status of giant clams in Singapore during the 
1970s to early 1990s, however, interest was rekindled in the late 1990s with 
the initiation of a giant clam mariculture project and subsequent research 
programmes. 
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3.3. Research 
Giant clam research in Singapore started at the Tropical Marine Science 
Institute (TMSI) in 1998 (pers. comms. Lam, T.J.). Fifteen T. squamosa 
broodstock were imported from Riau Indonesia (east Indonesia); these were 
later augmented with Filipino and local T. squamosa, including some donated 
and salvaged individuals. The first studies examined the effects of elevated 
nutrients and sediments on reproduction and larval survival (Courtois de 
Vicose & Chou, 1999) as well as demonstrating that crustose coralline algae 
(CCA) acts as a settlement cue (Courtois de Vicose, 2000), as it does for 
various other invertebrate larvae (Roberts et al., 2004). Prompted by this 
finding, Neo et al. (2009) tested whether concrete substrates made with CCA 
covered coral rubble (CCACR) would attract T. squamosa larvae. They 
thought that encouraging colonisation of near shore concrete structures by 
using ground CCACR as an aggregate may be a useful ecological restoration 
tool. When given a choice of small tablets made with 0%, 30%, or 60% 
CCACR, larvae preferred the substrate containing the most. However, in 
another experiment using the same three concentrations but in larger tiles, no 
significant differences among the CCACR treatments were found after six 
weeks. Neo et al. (2009) concluded that concrete made with CCACR can 
promote early larval settlement but that this technique does not enhance 
overall, longer-term, recruitment of juvenile T. squamosa. 
 
Mariculture studies have continued from 1998 to the present. For instance, 
Neo et al. (2011) spawned T. squamosa and, out of the four treatments 
tested, they found that the most optimal egg-sperm ratio was 1:50. Fertilised 
eggs showed cell division after 3 to 4 h, and developed into trochophores 
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after one day. Acquisition of zooxanthellae occurred on day 5 while 
settlement occurred eight days after fertilisation (Neo et al., 2011). Neo 
(2007) examined the combined effects of temperature (~22.5°C and ~29.5°C) 
and salinity (27‰ and 30‰) on fertilisation success and development of 
embryos. While salinity had no effect, embryo development was 
approximately two times greater at the higher temperature (but higher 
temperatures had a negative effect on the development of trochophores). 
They also found that a mixed-algal diet of Tetraselmis suecica + Chaetoceros 
mulleri + yeast resulted in increased larval survival in the first 24 h of 
development. This information contributes to larval rearing knowledge for T. 
squamosa, and is currently referred to during all spawning efforts conducted 
in Singapore. 
 
Coral reefs in Singapore regularly experience heavy sedimentation loads and 
poor light penetration (Chou, 2008). To examine potential impacts on giant 
clam growth and survivorship, Guest et al. (2008) conducted shade and out-
plant experiments using 200 T. squamosa imported from the Philippines. 
They found that the mean growth rate for clams raised in aquaria under 50% 
ambient PAR (photosynthetically active radiation) was 7.4 mm month-1, at 
25% ambient PAR it was 5.9 mm month-1, and at 12% ambient PAR it was 
3.0 mm month-1, indicating that even at low light levels this species can still 
grow. Of the 144 clams out-planted onto Southern Island reefs, 116 (80.6%) 
were recovered after seven months and the specimens exhibited growth rates 
similar to those described elsewhere (e.g. Morton, 1983; Foyle et al., 1997). It 
is surprising, but encouraging, that these clams can survive and grow despite 
the high levels of sedimentation and turbidity on Singaporeʼs reefs. Moreover, 
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Figure 3.2. A typical Tridacna squamosa valve. 
 
In 2005, a new research programme focusing on giant clam autecology and 
behaviour was established. In particular, anti-predatory mechanisms were 
studied. The most obvious defense adult giant clams possess is their large, 
heavy and robust shell that provides excellent protection from crushing 
predators. Juveniles, however, remain vulnerable to crabs and fish with 
powerful chela or jaws (Govan et al., 1993). Tridacna squamosa valves are 
ornamented with rows of scutes (Fig. 3.2): finger-nail like projections (Lucas, 
1988; Chan et al., 2008) that are a key taxonomic feature (Rosewater, 1965). 
In other mollusc species, external sculptures such as corrugations and spines 
are thought to be economical defensive adaptations (Vermeij, 1974, 1993). 
To test whether the scutes of juvenile T. squamosa provide protection against 
crushing predators such as crabs, Ling et al. (2008) measured the forces 
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required to crush scutes and valves of shells from clams that had died 
naturally at the TMSI aquarium on St Johnʼs Island. The chela strength of a 
predator, the stone crab, Myomenippe hardwickii, was also quantified and the 
results used to create two models of how scutes can help protect juvenile T. 
squamosa. In the first, scutes increase the overall size of the clam, reducing 
the number of predators large enough to hold and crush the prey. In the 
second model, the additional chela gape required to grasp the clam leads to 
enough decrease in power to prevent the crab from breaking the scutes, and 
thus the shell. 
 
Huang (2006) also tested the role of scutes as a defense tool in juvenile T. 
squamosa by experimentally removing them. Four treatments: (i) uncaged 
with scutes; (ii) uncaged without scutes; (iii) caged with scutes; and (iv) caged 
without scutes, were deployed on the reef flat off St Johnʼs Island for 24 h. 
Uncaged clams experienced significantly greater mortality when scuteless 
than when their scutes were still intact, suggesting strongly that lack of scutes 
lowered the clamsʼ defences against predators (Fig. 3.3). 
 
 




Figure 3.3. Frequency distribution of juvenile Tridacna squamosa that survived and 
died during the predator-exclusion experiment (n = 5). There was a significant 
association between survivorship and treatment (Fisher Exact Probability Test; 
p<0.05). 
 
After Ling et al. (2008) and Huang (2006) demonstrated that scutes can 
provide protection, Neo & Todd (2011a) hypothesised that giant clams 
exposed to crab (M. hardwickii) effluent would develop longer and stronger 
scutes and/or heavier and tougher shells. Predator-induced defenses have 
been produced in other marine molluscs (e.g. Leonard et al., 1999; Smee & 
Weissburg, 2006). Specimens were exposed to three different treatments: 
water-borne cues from ʻfed crabsʼ, ʻstarved crabsʼ, and ʻno crabsʼ. After 182 
days, significant differences in various shell parameters relating to shape and 
strength (but not scute length) were found. The effluent from ʻstarved crabsʼ 
had less effect than effluent from ʻfed crabsʼ, possibly because the starved 
crabs were perceived as weaker (and hence less risk). Beadman et al. (2003) 
discuss how it is possible to “toughen up” bivalves by exposing them to 
predators and suggest using this as a management tool to increase shell 
strength before transplantation and outgrowing in the field. 
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In addition to the protection provided by their shells, giant clams defend 
themselves via rapid mantle withdrawal, polymorphism and camouflage, 
aggregation, and squirting jets of water at potential predators. Todd et al. 
(2009) showed that the boring giant clam, T. crocea, is colour/pattern 
polymorphic and that relative morph frequency changes with clam size. 
Furthermore, mantle colours (red/blue/green values) extracted from digital 
images correlated positively with substrate colours, indicating background 
matching (crypsis). Huang et al. (2007) tested aggregation in juvenile T. 
squamosa by placing specimens in regular patterns on grids in tanks and 
then measuring their position after three days. Based on a statistical 
parameter for ʻclumpinessʼ (McGarigal et al., 2002), they showed that the 
clams aggregated more than could be explained by random walk or random 
distribution alternatives. Similar results were found for live runs conducted in 
natural (reef) conditions. Huang et al. (2007) discussed how aggregation 
could provide defense against predation, as being in clumps reduces the risk 
each animal would experience (Krause & Ruxton, 2002). Squirting behaviour 
(ejecting a stream of water, usually from the exhalant siphon) was known to 
occur in at least five species of giant clam, but this had never been quantified. 
Neo & Todd (2011b) analysed stills from video recordings of juvenile T. 
squamosa aerial squirts to calculate the pressure exerted by each squirt. 
They concluded that larger clams produce more powerful jets and, if they are 
able to orientate their squirts (as suggested by others, e.g. Fankboner, 1981), 
squirting could scare or disorientate predators. 
 
Giant clams are excellent model organisms with fascinating behaviours and 
life histories. They are also relatively easy to maintain in aquaria and hence 
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amenable to experimentation. Future ʻpureʼ research could examine the 
effects of water flow on growth and morphology, the presence of predators on 
aggregation, and determine exactly how effective are the proposed defenses 
such background matching and water squirting. A greater understanding of 
clam biology and ecology not only adds to basic knowledge, but can help 
managers tailor better strategies for their protection. Applied research also 
can contribute to conservation efforts by providing information useful for 
coastal managers, such as the degree of population connectivity; and new 
mariculture techniques will help any future restocking. 
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3.4. Conservation efforts 
The first giant clam distribution and abundance study in Singapore was 
conducted in 2003 at seven coral reef sites around the Southern Islands 
(Guest et al., 2008). The surveys encompassed almost 10,000 m2 but only 23 
individual clams from three species (T. squamosa = 14, T. crocea = 7 and T. 
maxima = 1) were found (equal to a mean density of 0.24 per 100 m2). In a 
much more extensive and detailed survey (29 reefs; total area = 87,515 m2) 
conducted in 2009 and 2010, Neo & Todd (2012a) recorded a much-reduced 
density of just 0.067 per 100 m2. Only two species, T. crocea and T. 
squamosa, were encountered. They also examined the genetic relatedness 
within these two species populations using cytochrome c oxidase subunit I 
and determined that T. crocea exhibited higher levels of polymorphism and 
genetic diversity compared to T. squamosa; possibly due to T. crocea being 
less harvested and hence retaining more diversity. In both the Guest et al. 
(2008) and Neo & Todd (2012a) surveys no juvenile clams were observed, 
pointing to a lack of natural recruitment. An overall summary of the sites 
where clams have been found, both past and present, is presented in Fig. 3.4 
and Table 3.2. 
 




Figure 3.4. The distribution of giant clams past and present across the Southern 
Islands and mainland Singapore. Past: five archaeological sites (in Bold) and three 
reclaimed reefs (in italics). Present: 24 extant reefs (in regular text). Dotted lines 
represent the boundaries of fringing and patch reefs. 
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Table 3.2. Chronological list of giant clams records in Singapore. HH = Hippopus 
hippopus (Linnaeus, 1758); TC = Tridacna crocea (Lamarck, 1819); TG = Tridacna 
gigas (Linnaeus, 1758); TM = Tridacna maxima (Röding, 1798); TS = Tridacna 
squamosa (Lamarck, 1819). Legend: Pulau = island, abbreviated to P. and Terumbu 
= patch reef, abbreviated to T. 
Timeline Source Site HH TC TG TM TS 
14th century Miksic & Lim, 2004 St. Andrewʼs Cathedral (2003) X X  X X 
Before 1847 Traill, 1847 Singapore X X X  X 
1866 Daily Telegraph, 1914 Singapore   X   
19th century Miksic & Lim, 2004 
P. Saigon (1987 – 1988),  
Empress Place (1998),  
Parliament House Complex 
(1994) 




ZRC1975.8.1.2 (T. crocea), 
Raffles Museum of 
Biodiversity Research 
(RMBR) 
P. Pawai X X    
1950 – 1960  Purchon & Purchon, 1981 Morris & Purchon, 1981 X X   X 
1952 Purchon & Enoch, 1954 X X   X 
1952 – 1953 Purchon, 1955 
Raffles Lighthouse (P. Satumu) 
X X   X 
Rosewater, 1965 P. Tekukor     X 1963 Lee, 1966 Tanjong Teritip X X    
1968 – 1973 
Trigg Collection, 1997  
Natural History Museum UK 
(NHMUK) 
Singapore    X X 
1975 – 1976 Chuang, 1977 P. Salu, P. Sudong  X    
Chou & Wong, 1985     X 1982 Wong, 1983 P. Salu  X    
1994 Lim et al., 1994 Labrador beach  X   X 
pers. comms. Courtois de 
Vicose, G. Raffles Lighthouse (P. Satumu)  X   X 1997 
ZRC1997.71, RMBR P. Seringat    X  
1998 ZRC.MOL.2898, RMBR Southern Islands  X    
pers. comms. Courtois de 
Vicose, G. P. Hantu  X    
Courtois de Vicose & Chou, 
1999  X   X 
1999 
ZRC.MOL.2899, RMBR 
Raffles Lighthouse (P. Satumu) 
    X 
Raffles Lighthouse (P. Satumu)   X  X X 
P. Hantu  X   X 
P. Semakau  X    2003 Guest et al., 2008 
T. Bayan, Sistersʼ Islands (P. 
Subar Laut, P. Subar Darat), 
Kusu Island (P. Tembakul) 
    X 
Raffles Lighthouse (P. Satumu), 
P. Semakau,   X   X 
P. Hantu   X    2003 – 2008 pers. comms. Tan, R. Cyrene Reefs (T. Pandan), P. 
Jong, Sistersʼ Islands (P. Subar 
Laut, P. Subar Darat) 
    X 
2006 pers. comms. Lin, J.  Lazarus Island (P. Sakijiang Pelepah)     X 
Raffles Lighthouse (P. Satumu), 
P. Biola, P. Senang, P. Salu, P. 
Semakau, T. Raya, T. 
Semakau, P. Hantu 
 X   X 
Terumbu Berkas Besar, T. 
Salu, T. Pempang Darat, T. 
Pempang Laut, 
 X    
2009 – 2010 Neo & Todd, 2012a P. Pawai, P. Sudong, P. 
Berkas, Beting Bemban Besar, 
P. Jong, Sistersʼ Islands (P. 
Subar Laut, P. Subar Darat), 
Kusu Island (P. Tembakul), T. 
Pempang Tengah, Cyrene (T. 
Pandan) 
    X 
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It is clear that giant clams in Singapore have been impacted by 
overexploitation for food (Traill, 1847; Denny, 1878), sediment pollution, and 
habitat loss through land reclamation (Dawson & Philipson, 1989; Chou, 
1999). Existing reefs continue to be deleteriously affected by coastal 
developments, resulting in their slow deterioration. The absence of T. maxima 
and low abundance of T. crocea, for instance, may be due to the lack of large 
substratum surfaces suitable for these burrowing species (Hamner & Jones, 
1976). Sediment pollution continues to be one of the major causes of coral 
reef loss in Singapore (Chou, 2008). Associated turbidity reduces 
photosynthesis by zooxathellae critical to the clamsʼ nutritional needs (Hirose 
et al., 2006; Jantzen et al., 2008) and probably explains the absence of all 
clams below 6 m. Settling sediments may physically interfere with giant 
clamsʼ feeding (Rogers, 1990; Bell, 2004) and can result in damage to the 
gills (Purchon, 1955). Sediment layers on substrates are known to impede 
larval settlement (e.g. Rogers, 1990; Te, 1992). The overall effect of these 
stressors is to reduce clam density to a point where it is unlikely that the 
gametes from these broadcast spawners can meet and fertilise (the Allee 
effect), making the present populations unviable (Neo & Todd, 2012a). As 
Guest et al. (2008: p. 577) concluded, “if measures are not implemented to 
boost dwindling giant clam populations it is highly likely that this iconic 
invertebrate species will disappear from Singaporeʼs coral reefs.” 
 
As it is doubtful whether the few remaining T. crocea and T. squamosa are 
capable of regenerating substantial healthy populations, some intervention is 
necessary. Mariculture of giant clams can produce large numbers of juveniles 
suitable for restocking corals reefs where natural recruitment is absent. 
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Reintroduction of giant clams has been well studied (e.g. Copland & Lucas, 
1988; Munro, 1993; Gomez et al., 2000) and, as long as harvesting does not 
resume, research to date suggests that restoring clam populations in 
Singapore is a feasible option (Guest et al., 2008). A giant clam restocking 
programme for Singapore commenced in mid 2011, using existing broodstock 
plus new specimens imported for the project. The first cohort of new clams 
was produced in early 2012 and was accompanied by new research into egg 
viability and larval settlement behaviour. 
 
It is generally acknowledged that active management is necessary for the 
survival of Singaporeʼs reefs. Coral reef rehabilitation efforts are already 
being explored (e.g. Loh et al., 2006) and the addition of giant clam 
restocking will contribute significantly to the general push to improve 
Singaporeʼs marine environment. Giant clams can also play an important 
“flagship” role for coral reefs due to their conspicuous and charismatic nature, 
and their potential to highlight that intervention can produce effective results 
in relatively short time scales. The discovery that T. gigas was once present 
in Singapore (Traill, 1847) opens up the intriguing possibility of reintroducing 
this species. It is a popular choice for mariculture and restocking elsewhere in 
the region (e.g. Bolinao, Philippines) and there should be few technical 
barriers to raising stocks in Singapore. Apart from helping to recreate 
Singaporeʼs former reef community, due to their spectacular size, T. gigas 
should help stimulate public interest in the marine life found around 
Singaporeʼs coastline. 
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There now exists a substantial giant clam research base in Singapore. Work 
done to date covers both basic and applied research, aquaria and field-based 
studies. We know that, at least for T. squamosa, giant clams can survive on 
local reefs, even under their present, heavily sedimented conditions (Guest et 
al., 2008). The survey results of Guest et al. (2008) and Neo & Todd (2012a) 
provide a baseline that will help future studies monitor ecosystem health. As 
discussed in Todd & Chou (2009), the research on giant clam defenses 
described in the previous section has implications for restocking. For 
instance, to increase protection, and to mimic their natural behaviour, clams 
should be placed in groups when they are transplanted to a reef. The work on 
scutes shows that young clams are vulnerable and measures should be taken 
to protect them, for example via caging or delayed release into the wild. When 
transplanting giant clams, matching mantle coloration with substrate should 
help increase camouflage and thus help reduce predation. However, for 
restocking to be successful, additional studies are required. In particular, the 
source-sink dynamics of giant clam larval dispersal within the Singapore 
Straits should be modelled to help answer questions such as: “What are the 
best potential sites for clam nurseries” and “At what density of clams are 
required to make a population self-sustainable?” 
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3.5. Summary 
The evidence suggests that giant clams in Singapore were once abundant 
and diverse, with five recorded species: H. hippopus, T. crocea, T. gigas, T. 
maxima, and T. squamosa. Since the 1960s, T. gigas, H. hippopus, and T. 
maxima have been extirpated and the numbers of remaining T. crocea and T. 
squamosa severely depleted due to exploitation, loss of habitat, and reduced 
water quality. The substantial research conducted on giant clams in 
Singapore has provided the baseline knowledge and strategic framework for 
the current restocking plans. If these are a success, hundreds of mature 
clams will become established on numerous reefs, returning them to a state 
they have not experienced for the last two centuries. The ultimate goal is that 
the out-planted clams will breed naturally and recruitment will follow, obviating 
the need for any more restocking. These charismatic organisms not only 
aesthetically enhance coral reefs; they also serve important ecological roles. 
A fully-fledged conservation programme will raise awareness of the plight of 
Singaporeʼs giant clams and, with commitment (and some luck), they might 
yet have a chance to thrive again. 
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CHAPTER 4. POPULATION DENSITY AND GENETIC STRUCTURE OF 
THE GIANT CLAMS TRIDACNA CROCEA AND T. SQUAMOSA ON 
SINGAPOREʼS REEFS3 
4.1. Introduction 
Coral reefs and their associated fauna are under intense anthropogenic 
pressure, especially from overexploitation and poor management of coastal 
resources (Wilkinson, 2008). Intervention efforts, such as the formation of 
marine protected areas (MPAs) (Carleton Ray, 1999; Palumbi, 2001) and 
integrated coastal management schemes (Castilla, 2000; Arkema et al., 
2006), can ameliorate some of these impacts. One of the major challenges for 
such schemes, and for coral reef conservation in general, is accounting for 
the bipartite life history characteristic of many reef taxa⎯where the adult is 
either sedentary or possesses a limited home range, while their larvae are 
dispersed by currents and other hydrodynamical processes (Scheltema, 
1988). In order to effectively protect marine biodiversity, Carpenter et al. 
(2011) highlighted the need to manage MPAs on a larger spatial scale, such 
as including nearby reefs, since most speciesʼ ranges span over large 
distances. Data on connectivity among coral reefs, however, is often deficient 
or absent. Population genetics have provided the opportunity to investigate a 
variety of ecological interactions, including the linkages between spatially 
separated groups of conspecifics (Grosberg & Cunningham, 2001; 
Hedgecock et al., 2007). Their genetic structures can provide information on 
larval dispersal and distribution patterns (Hedgecock, 1986), providing 
insights on the probable sources and sinks of pelagic larvae (Juinio-Meñez et 
                                                
3 This chapter has been published in Neo, M.L. & P.A. Todd, 2012. Population density and 
genetic structure of the giant clams Tridacna crocea and T. squamosa on Singaporeʼs reefs. 
Aquatic Biology, 14(3): 265–275.  
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al., 2003; Selkoe et al., 2008). 
 
Giant clams (Tridacninae) are conspicuous bivalves that live in close 
association with coral reefs throughout the Indo-Pacific (Lucas, 1988). They 
have a well-developed planktonic phase of approximately nine days (Lucas, 
1988) and therefore possess substantial dispersal potential, which may 
explain their widespread distribution (Benzie & Williams, 1992a; bin Othman 
et al., 2010). Even though these simultaneous hermaphrodites are highly 
fecund, releasing up to millions of gametes at each spawning (Lucas, 1988), 
reproduction is sporadic (Solis, 1987; Tan & Yasin, 1998) and natural 
recruitment of juveniles is often very low (Gomez et al., 2000). Allozyme 
variation studies (e.g. Laurent et al., 2002; Juinio-Meñez et al., 2003) and, 
more recently, mitochondrial cytochrome c oxidase subunit I (COI) studies 
(e.g. DeBoer et al., 2008; Kochzius & Nuryanto, 2008), have provided 
information on the possible gene flow/larval dispersal routes within and 
among various Indo-Pacific giant clam populations that can either be 
explained by ocean current patterns (Benzie & Williams, 1992a; Macaranas et 
al., 1992) or geographic isolation (Benzie & Williams, 1992b). Nothing is 
known, however, about the extent of larval dispersal or diversity of genetic 
material among the giant clams on Singaporeʼs reefs. 
 
During the mid-20th century, four species of tridacnids were reported in 
Singapore: Tridacna crocea Lamarck, 1819, T. maxima Röding, 1798, T. 
squamosa Lamarck, 1819, and Hippopus hippopus (Linnaeus, 1758) 
(Rosewater, 1965). Since the early 1960s, however, local giant clam numbers 
have been severely depleted due to overexploitation for food (Harrison & 
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Tham, 1973; Dawson & Philipson, 1989) and habitat degradation (Courtois de 
Vicose & Chou, 1999) leading to a density of just 0.24 per 100 m2 (Guest et 
al., 2008). Only three species were found: T. crocea, T. maxima, and T. 
squamosa; H. hippopus was not sighted in the 9670 m2 area censused. 
Furthermore, no juveniles of any clam species were observed, indicating a 
lack of natural recruitment (Guest et al., 2008). 
 
Knowledge on the spatial distribution of genetic variation within a species is 
an important tool for the management of marine resources (Palumbi, 2003; 
Carpenter et al., 2011). To forestall the decline of giant clam numbers, it is 
necessary to gather information on the current population status and its 
genetic structure. The 2003 survey by Guest et al. (2008) was limited to 
seven reef sites and no genetic work was undertaken. Here we present 
results from a much larger survey conducted to definitively quantify the 
distribution and abundance of giant clams among Singaporeʼs Southern 
Islands. In addition, genetic relatedness among individuals from two species, 
T. crocea and T. squamosa, was examined using COI⎯a commonly used 
gene marker for studies on bivalve population genetics (e.g. Luttikhuizen et 
al., 2003; Nuryanto et al., 2007). 
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4.2. Materials and methods 
Study area. – Singapore (1°22´N, 103°48´E) is a small island nation (land 
area = 710.2 km2) situated at the southern tip of Peninsular Malaysia. The 
climate is equatorial, with high temperatures and rainfall throughout the year, 
but there exists a relatively wet northeast monsoon (December to February) 
and a relatively dry southwest monsoon (June to August) (Chua et al., 2000). 
Coral reefs are either patch or fringing, and generally distributed around the 
islands to the south of the mainland (Chou, 1999), known locally as the 
Southern Islands. Singaporeʼs reefs were previously described as having 
wide reef flats and steep reef slopes but many reef flat areas, for example 
Pulau Sudong (Pulau = island, abbreviated to P.) and P. Hantu, have been 
reclaimed, i.e. filled in to create new land area (Chou, 1999). The remaining 
reefs continue to experience direct sediment impacts from coastal 
construction and dredging of shipping lanes (Chou, 2008), while associated 
turbidity has severely reduced light penetration (Low & Chou, 1994; Dikou & 
van Woesik, 2006). 
 
Survey method. – Between Sept.2009 and Aug.2010, 29 Southern Island 
reefs were surveyed. Sites represent all of Singaporeʼs reef types: patch 
versus fringing, restricted versus accessible, upstream versus downstream, 
as well as reefs experiencing various levels of human impact. Both intertidal 
and subtidal zones, i.e. from shore to the edge of the upper reef slope (depths 
of 1 to 6 m below mean sea level), were included within the area surveyed. 
To calculate giant clam density, six meter wide belt transects, covering almost 
the entire length of the target reefs, were used for SCUBA searches, while 
intertidal surveys were conducted by censusing large portions of the reef flat, 
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using quadrats at least 10 × 10 to 20 × 20 m2. All clams found were identified 
to species level and their sizes, and GPS positions when possible, recorded. 
A labelled stainless steel stake was also hammered into the nearby substrate 
for future reference. Areas searched at each site varied from 100 m2 to 7000 
m2, but all were surveyed with equal unit effort (search time m-2). Biopsies of 
mantle tissue were taken whenever possible (i.e. when the clams did not 
close their valves completely) and preserved in 96% ethanol. 
 
DNA extraction, amplification and sequencing. – Tissue samples for DNA 
extraction were sub-sampled, air-dried, ground, and incubated for 24 h at 
55ºC in CTAB buffer with 20 µg ml-1 proteinase K. The mixture was agitated 
with 500 µl phenol/chloroform mixture for 1 min before extraction of aqueous 
supernatant. This procedure was repeated once before an equal volume of 
absolute ethanol was added and stored at –80ºC overnight to elucidate the 
DNA pellet. The pellet was subsequently washed with 70% ethanol. RNAse-
free water was used to dissolve the DNA before storage at –80ºC. 
 
Approximately 500 base pair (bp) of the mitochondrial COI gene was 
amplified via polymerase chain reaction (PCR) using Tridacna-specific 
primers (DeBoer et al., 2008; Kochzius & Nuryanto, 2008). PCR was carried 
out in a total volume of 23 µl, and contained 2 µl DNA template, Thai TAQ 
buffer, 10 mM dNTPs, BSA additive, 10 µM of each primer and 0.8 µl Thai 
TAQ. The COI gene for T. crocea was amplified using COI-Tricro–Frwd 5´–
GGG TGA TAA TTC GAA CAG AA–3´ and COI-Tricro–Rev 5´–TAG TTA 
AAG CCC CAG CTA AA–3´ (Kochzius & Nuryanto, 2008), initial denaturation 
at 94°C for 3 mins, followed by 35 cycles of 94°C for 1 min, 52°C for 1.5 mins, 
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72°C for 1 min, and a final extension of 72°C for 5 mins. The COI gene for T. 
squamosa was amplified using SQUA-R1 5´–ATG TAT AAA CAA AAC AGG 
ATC–3´ and SQUA-F3 5´–CAT CGT TTA GAG TAA TAA TTC G–3´ (DeBoer 
et al., 2008), with PCR parameters of initial denaturation at 94°C for 15 s, 
followed by 38 cycles of 94°C for 30 s, 50°C for 30 s, 72°C for 45 s, and a 
final extension of 72°C for 3 mins. PCR success was determined by means of 
gel electrophoresis in 1% agarose gel using 2 µl of reaction mix. PCR 
products were purified using Bioline Quick-Clean DNA (Randoph, MA), and 
each sequencing reaction volume comprised 2 µl of PCR product, 0.5 µl of 
BigDye Terminator v3.1 (Applied Biosystems, Foster, CA), 2 µl of 5× BigDye 
sequencing buffer, 1.75 µl of sequencing primer (10 µM) and topped up to 10 
µl with RNAse-free water. The cycle sequencing profile comprised 30 cycles 
for 30 s at 95°C, 15 s at 50°C and 4 mins at 60°C, followed by another 
purification step using 5 µl of Agencourt CleanSeq solution. Direct sequencing 
was carried out using an ABI 3130 genetic analysis sequencher (Perkin Elmer 
Applied Biosystems). 
 
Sequence editing. – Sequence contigs were proofread in Sequencher v4.0 
(GenCodes Corporation) and subsequently aligned using ClustalX Multiple 
Sequence Alignment Program v2.0.12 (Thompson et al., 1997). Alignments 
were edited and translated to amino acids to check for stop codons in MEGA 
(Tamura et al., 2007) before being exported into Arlequin v3.5 (Excoffier & 
Lischer 2010) and TCS v1.21 (Clement et al., 2000) for further analyses. 
 
Population genetic diversity and haplotype parsimony network. – 
Molecular diversity measures for both clam populations were calculated in 
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Arlequin v3.5 (Excoffier & Lischer, 2010), including haplotype diversity and 
nucleotide diversity. To determine the genetic structure within each Tridacna 
species population, the relationships among haplotypes were inferred using 
parsimony networks generated by TCS v1.21 (Clement et al., 2000), and the 
statistical parsimony procedure followed Crandall (1994) and Templeton et al. 
(1992). This method estimates the maximum number of differences among 
haplotypes due to single substitutions with a 95% parsimony connection limit 
(Posada & Crandall, 2001). Outgroup weights were calculated following 
Castelloe & Templeton (1994); this predicts the oldest haplotype based on the 
neutral coalescent theory applied to intraspecific networks (Crandall & 
Templeton, 1993; Posada & Crandall, 2001). 
 
Historical demography. – The null hypothesis for neutral evolution of the 
COI marker was tested using Tajimaʼs D test (Tajima, 1989) and Fuʼs Fs test 
(Fu, 1997) with 10,000 permutations implemented in Arlequin v3.5. 
Harpendingʼs raggedness index (HRI; Harpending, 1994), based on mismatch 
distribution analyses, was assessed using Arlequin v3.5 (10,000 
permutations). The sudden population expansion model is rejected when a 
significant HRI value (p<0.05) is obtained (Schneider & Excoffier, 1999). 
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4.3. Results 
Survey data. – Altogether 16 fringing and 13 patch reefs were surveyed. 
From the 87,515 m2 censused (intertidal = 76,470 m2; subtidal = 11,045 m2) 
59 giant clams were found, comprising two species: T. crocea (n = 31, size 
range = 94 to 160 mm) and T. squamosa (n = 28, size range = 150 to 418 
mm) (Fig. 4.1; Table 4.1). No T. maxima or H. hippopus were encountered 
within (or outside) transects or quadrats. Based on information on shell sizes 




Figure 4.1. Tridacna crocea and T. squamosa. Size frequency distribution on 
Singapore reefs. 
 
Densities for T. crocea and T. squamosa were 0.035 and 0.032 per 100 m2 
respectively. While T. crocea densities were slightly higher on the intertidal 
areas compared to the subtidal ones (0.037 versus 0.027 per 100 m2), the T. 
squamosa intertidal density was ~3.2× lower than its subtidal density (0.025 
versus 0.081 per 100 m2) (Table 4.1). Our study included a total of 22 
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previously un-surveyed reefs, and clams were found at 16 of these new sites: 
P. Biola, P. Senang, P. Pawai, P. Sudong, P. Jong, P. Berkas, Terumbu 
Berkas Besar, Beting Bemban Besar, P. Salu, Terumbu Salu, Terumbu 
Semakau, Terumbu Raya, Terumbu Pempang Laut, Terumbu Pempang 
Darat, Terumbu Pempang Tengah, and Cyrene reefs. Of the previously 
surveyed seven reefs (Guest et al., 2008), one (Terumbu Bayan) has been 
completely reclaimed, while clams were found on all of the others: Raffles 
Lighthouse, P. Semakau, Sistersʼ Islands (P. Subar Laut and P. Subar Darat), 
Kusu Island, and P. Hantu. 
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Table 4.1. Tridacna crocea and T. squamosa. Giant clam numbers for the 29 reefs 
surveyed. Sites are ranked with furthest straight-line distance to the mainland at the 
top. *Live Firing Areas. Sites in italics were also surveyed in 2003 by Guest et al. 
(2008). 
 






Clams per site T. crocea T. squamosa 
Fringing Reefs 
Raffles Lighthouse (Pulau 
Satumu) 1175 4 2 2 
Pulau Biola* 3590 6 3 3 
Pulau Senang* 4850 4 3 1 
Pulau Pawai* 8780 1 0 1 
Pulau Sudong* 8080 1 0 1 
Pulau Jong 3800 2 0 2 
Pulau Salu* 2100 5 4 1 
Pulau Semakau/Sakeng 6165 11 6 5 
Sistersʼ Islands (Pulau Subar 
Darat, Pulau Subar Laut) 2320 2 0 2 
St Johnʼs Island (Pulau 
Sakijang Bendara) 4620 0 0 0 
Lazarus Island (Pulau Sakijang 
Pelepah) 1350 0 0 0 
Kusu Island (Pulau Tembakul) 1890 2 0 2 
Pulau Tekukor 3510 0 0 0 
Pulau Hantu 3750 2 1 1 
Labrador 1770 0 0 0 
Patch Reefs 
Terumbu Berkas* 800 0 0 0 
Pulau Berkas* 2300 1 0 1 
Terumbu Berkas Besar* 3000 3 3 0 
Terumbu Palat* 250 0 0 0 
Beting Bemban Besar 3750 2 0 2 
Terumbu Bemban 1000 0 0 0 
Terumbu Salu* 3000 4 4 0 
Terumbu Semakau 5200 3 2 1 
Terumbu Raya 1900 2 1 1 
Terumbu Pempang Darat 1590 1 1 0 
Terumbu Pempang Laut 2800 1 1 0 
Terumbu Pempang Tengah 2175 1 0 1 
Cyrene (Terumbu Pandan) 2000 1 0 1 
     
Total area 87,515 59 31 28 
Density of clams (per 100 m2)  0.067 0.035 0.032 
     
Intertidal area 76,470 47 28 19 
Density of clams (per 100 m2)  0.062 0.037 0.025 
     
Subtidal area 11,045 12 3 9 
Density of clams (per 100 m2)  0.109 0.027 0.081 
     
 
Genetics. – Sequence alignments for T. crocea (27 individuals) and T. 
squamosa (20 individuals) were deposited in GenBank (accession numbers 
JN392020 to JN392066). Haplotype diversity was similar for both species 
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populations, but T. crocea had a higher nucleotide diversity than T. squamosa 
(Table 4.2). From the 27 T. crocea individuals, 10 unique COI haplotypes 
were obtained, with 20 polymorphic sites and 20 substitutions (18 transitions, 
two transversions) from 453-bp fragments (i.e. 4.42% variable sites). From 
the 20 T. squamosa individuals, six unique COI haplotypes were obtained, 
with 10 polymorphic sites and 10 substitutions (nine transitions, one 
transversion) from 471-bp fragments (i.e. 2.12% variable sites). 
 
Table 4.2. Tridacna crocea and T. squamosa. Number of sequences (n), number of 
haplotypes (Nhp), haplotype diversity (hp), nucleotide diversity (π), Tajimaʼs D, Fuʼs Fs 
and Harpendingʼs raggedness index (HRI). 
 
Genetic Diversity Neutrality Tests Mismatch Distribution Species 
n Nhp hp ± SD π ± SD (%) Tajimaʼs D Fuʼs Fs HRI 
Tridacna crocea 27 10 0.86 ± 0.041 0.76 ± 0.45 -1.19NS -1.21NS 0.053NS 
Tridacna 
squamosa 20 6 0.72 ± 0.088 0.31 ± 0.22 -1.68* -1.14
NS 0.169NS 
*p<0.05; NS, not significant 
 
Historical demography. – Tests of neutrality using Tajimaʼs D and Fuʼs Fs 
were negative for both giant clam populations, but this was only significant for 
T. squamosa, and only for Tajimaʼs D. Negative values suggest that T. crocea 
and T. squamosa populations have undergone recent population expansions, 
and the mismatch distribution analysis supported this. The non-significant HRI 
values (Table 4.2) mean that the sudden population expansion model cannot 
be rejected for either population. 
 
Haplotype relationship. – Tridacna crocea showed relatively high diversity 
with three widespread haplotypes (Fig. 4.2). Haplotype 3 was the most 
common, in eight of 27 individuals at six reefs; five haplotypes occurred as 
singletons (Fig. 4.2). Outgroup weight calculations suggested that Haplotype 
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4 (outgroup weight = 0.464) is the ancestral haplotype for T. crocea in 
Singapore. The T. crocea haplotypes were heterogeneously distributed 
throughout the reefs (Fig. 4.2a). Haplotype diversity within locality either 
differed by one mutational step (i.e. P. Salu) or occurred in separate clades 
(i.e. P. Senang, Terumbu Berkas Besar, P. Semakau, Terumbu Salu, 
Terumbu Semakau). There existed a partial genetic difference of up to nine 
mutational steps (4.9% uncorrected differences) between the ancestral 
Haplotype 4 with Haplotypes 5 and 6 found at Terumbu Berkas Besar and P. 
Senang (Fig. 4.2b). 
 




Figure 4.2. Tridacna crocea. a) Distribution of unique COI haplotypes. Individual 
clams represented by each section in the circle. b) Minimum spanning network using 
453-bp fragment from the COI gene. Colour-coded circle (plus reference number) = 
unique COI haplotype. Open circles on lines connecting haplotypes = single putative 
mutations. Lines join all haplotypes within a 95% statistical confidence parsimony 
network. 
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In 20 T. squamosa individuals sampled, Haplotype 13 (Fig. 4.3) 
predominated, being found in 10 individuals at eight reefs. It differed from four 
other haplotypes by just one mutational step. Haplotypes 11, 14, and 16 
represented unique individuals from their respective localities (Fig. 4.3a). 
Haplotype 16 from P. Sudong was especially distinct, differing by seven 
mutational steps (2.9% uncorrected differences) (Fig. 4.3b). Outgroup weight 
calculations obtained from TCS suggested that Haplotype 13 (outgroup 
weight = 0.528) is the ancestral haplotype for T. squamosa in Singapore. 
 




Figure 4.3. Tridacna squamosa. a) Southern Islands of Singapore showing the 
distribution of unique COI haplotypes. Individual clams represented by each section 
in the circle. b) Minimum spanning network of T. squamosa using 471-bp fragment 
from the COI gene. See Fig. 4.2 for definitions. 
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4.4. Discussion 
Giant clams in Singapore have been subjected to anthropogenic impacts 
such as fishing, coastal development, and sediment pollution for decades 
(Dawson & Philipson, 1989; Chou, 1999), making their study, and 
conservation, a priority for local reef management. The current survey 
covered an additional 22 sites, and an area nine times greater (87,515 m2), 
than the 2003 study (Guest et al., 2008). We found a total of 59 giant clams 
resulting in a contemporary density of 0.067 per 100 m2 (approximately four 
times lower than the 2003 figure of 0.24 per 100 m2); no juvenile clams were 
encountered. Furthermore, unlike Guest et al. (2008), we did not encounter 
any T. maxima individuals, only T. crocea and T. squamosa. The density of T. 
crocea was quite similar in both intertidal and subtidal zones, but T. 
squamosa were more abundant in subtidal areas. The very small sample size 
made statistically meaningful genetic analyses impossible, but higher levels of 
polymorphism and genetic variation were observed within the T. crocea 
population compared to the T. squamosa population, where a single 
haplotype was present in half of the specimens. 
 
The present survey estimates the T. crocea density to be 0.035 per 100 m2. 
This may be a conservative figure due to this speciesʼ cryptic coloration (Todd 
et al., 2009) and boring behaviour that makes them hard to find (Guest et al., 
2008). Nevertheless, T. crocea aggregations can reach up to hundreds per 
m2 (e.g. Chantrapornsyl et al., 1996; Tan et al., 1998), suggesting that 
numbers in Singapore are very low. The T. squamosa density in Singapore is 
established at 0.032 per 100 m2, lower than that in protected reefs elsewhere 
but higher than areas with intense exploitation (Kilada et al., 1998; Tan et al., 
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1998, Eliata et al., 2003). Tridacna squamosa intertidal density was 0.025 per 
100 m2 whereas its subtidal abundance was 0.081 per 100 m2. For T. crocea, 
the densities in these two habitats were more similar (Table 4.1). Similar 
depth distributions for both species have been reported for the Johore 
Islands, Malaysia (Yasin & Tan, 2000) and the Red Sea (Jantzen et al., 
2008), and are probably due to different light requirements, with T. squamosa 
being more tolerant to lower light and/or deeper depths (Yasin & Tan, 2000). 
Harvesting for food could also contribute. Giant clam gleaning during low tide 
is easier than extraction via snorkelling or diving (Hviding, 1993) and the 
larger and free-living T. squamosa are less demanding to remove from the 
reef than the burrowing T. crocea. Exploitation of clams in Singapore has 
ceased but other anthropogenic inputs, especially sediment pollution from 
dredging of shipping lanes and nearshore construction activities (e.g. Chou, 
1988; Chou et al., 2004), continue to be a major problem. Sediment can 
deleteriously affect giant clams in numerous ways, for example, by interfering 
with their filter feeding (Purchon, 1955), by increasing turbidity and thus 
reducing light reaching the photosynthetic symbiotic zooxanthellae in the 
clamʼs mantle tissues (Guest et al., 2008), and by covering reef substrates 
with a layer of sediment that makes it difficult for clam larvae to settle 
(Rogers, 1990; Neo et al., 2009). 
 
In concordance with Guest et al. (2008), we found the highest clam density 
(0.340 per 100 m2) at Raffles Lighthouse, a reef generally considered 
Singaporeʼs healthiest due to its high coral diversity and abundance (Huang 
et al., 2009) and low sedimentation levels (Todd et al., 2004). This density, 
however, was still considerably lower than that recorded in the 2003 survey 
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(1.290 per 100 m2). It should be noted that Guest et al.ʼs (2008) objectives 
and survey methods were different to ours. Their work was preliminary and 
the sites chosen did not represent all the reef types found in Singapore. Our 
study aimed to provide the definitive status of giant clams in Singapore via 
extensive and dedicated surveys. Guest et al. (2008) employed a SCUBA zig-
zag swim search that, having no fixed boundaries, could have resulted in an 
underestimation of actual survey area (and therefore an overestimation of 
clam density). We used a combination of six meter belt transects (SCUBA) 
and large quadrats (intertidal surveys), all measured out with nylon tapes. Our 
survey was scaled up to a total of 29 sites, and we were able to gain access 
to some rarely visited patch reefs (e.g. Terumbu Pempang Laut, Terumbu 
Raya) plus fringing reefs found within Live Firing Areas (e.g. P. Pawai, P. 
Sudong, P. Senang) managed by the Republic of Singapore Air Force that 
required permission to enter. Many of these more inaccessible reefs hosted 
giant clams. Clearly, the 2003 survey was not as comprehensive or rigorous 
as the one presented here, so direct comparisons of results need to be 
treated with a degree of caution. Nevertheless, we expect that natural 
mortality (albeit in an impacted environment) coupled with zero recruitment 
would amply explain any genuine decline since 2003. 
 
Hippopus hippopus was last recorded in Singapore in the 1960s (Lee, 1966), 
whereas the most recent record for T. maxima, a single individual, was in 
2003 (Guest et al., 2008). Hippopus hippopus are usually found at shallow 
depths (Yasin & Tan, 2000), but many shallow reef flats around Singapore 
have been reclaimed (Chou, 2008), removing a substantial portion of this 
speciesʼ natural habitat. Tridacna maxima is a lithophagic species that 
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exhibits partial burrowing (Rosewater, 1965). Singaporeʼs deteriorating coral 
reefs are now characterised by loose rubble (Chou, 2008), which may not be 
able to sustain populations of mature T. maxima (shell lengths up to 300 mm) 
that require a more consolidated substrate for stable attachment (McMichael, 
1974). No historical abundance data for these two species exist, nor any 
precise information on their exploitation. We can only propose that three 
factors, either individually, but more likely synergistically, have caused their 
extirpation from Singaporeʼs waters: habitat loss, overexploitation, and/or the 
effects of sediment. 
 
Levels of genetic diversity for both species here are similar or slightly lower 
than other populations within the Indo-Malay Archipelago (e.g. DeBoer et al., 
2008; Kochzius & Nuryanto, 2008; Nuryanto & Kochzius, 2009). We expect 
that any loss of genetic variation will have coincided with the overall reduction 
in clam numbers Singapore has experienced during the last few decades. 
The majority of neutrality tests (Tajimaʼs D and Fuʼs Fs) did not reject the null 
hypothesis of neutral evolution of COI for populations in Singapore (Table 
4.2). Significant Tajimaʼs D for T. squamosa reflects an excess of rare 
polymorphisms in the population, and these values indicate either positive 
selection (rejected by the mismatch analysis) or a recent population 
expansion (Tajima, 1989; Fu, 1997). Loss of habitats during low sea levels of 
the last glacial period (Bird et al., 2006) can result in population bottlenecks, 
whereas new habitats associated with sea level rise facilitate expansion of 
relict populations (Fauvelot et al., 2003). Similar signs of population 
expansions were found in T. crocea (DeBoer et al., 2008; Kochzius & 
Nuryanto, 2008) and T. maxima (Nuryanto & Kochzius, 2009) in the Indo-




The qualitative results presented in Figs. 4.2 and 4.3 suggest relatively higher 
levels of genetic diversity for T. crocea than for T. squamosa. Genetic studies 
on T. crocea have shown strong population structure across the Indo-Malay 
Archipelago, indicating restricted gene flow between almost all the sample 
sites (DeBoer et al., 2008; Kochzius & Nuryanto, 2008). No similar studies 
exist for T. squamosa, but in Singapore, a single haplotype present in half of 
the individuals collected suggests gene flow and possibly panmixis (except 
Haplotype 16, which may have derived from a neighboring reef). Patterns of 
ocean currents affect the frequency of larval exchange (White et al., 2010) 
and T. squamosa populations may be connected due to the current regimes 
within the Straits of Singapore (Bird et al., 2006). If larvae, however, are 
simply being well dispersed among islands, the same degree of connectivity 
should also be seen in T. crocea. A single spawning event can explain the 
dominant haplotype in T. squamosa; for example, a pulse of genetically 
related larvae, potentially originating from beyond Singaporeʼs waters, could 
have settled and persisted. If this population then matured with little or no 
additional input of genetic material from elsewhere, the outcome would be 
difficult to distinguish from panmixis. Alternatively, as T. crocea are usually 
found burrowed into rubble habitats (Hamner & Jones, 1976), while T. 
squamosa is free-living (Rosewater, 1965), human exploitation would be 
biased to removing the more easily harvestable T. squamosa, resulting in 
higher levels of genetic diversity in the less exploited species. 
 
Even if there is some connectivity among Singaporeʼs giant clams, the 
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population may not be viable. Wada (1952) highlighted that, as the distance 
between spawning adults increases, the likelihood of fertilisation decreases 
rapidly (the Allee effect), and there is almost certainly a minimum population 
level at which no successful reproduction can take place⎯even when adult 
clams are still present (Nash et al., 1988). Natural recruitment of giant clam 
larvae has been observed only in a few locations, including the Michaelmas 
Reef, central Great Barrier Reef (Braley & Muir, 1995) and Rose Atoll, 
Samoan Archipelago (Green & Craig, 1999). Rose Atoll has up to 225 T. 
maxima ind. m-2 (Green & Craig, 1999) and is thought to have contributed to 
recruitment at nearby reefs. Other areas such as Palau (Hirschberger, 1980); 
P. Tioman, Malaysia (Tan et al., 1998); Java, Indonesia (Brown & 
Muskanofola, 1985); and Lee-Pae Island, Thailand (Chantrapornsyl et al., 
1996), support low giant clam densities of sparsely distributed mature adults, 
with few or no juveniles⎯a similar situation to Singapore. Even if the clams in 
Singapore did somehow manage to reproduce, the very low numbers and 
star-like parsimony networks (Viñas et al., 2004) indicate a population genetic 
bottleneck that reduces recovery. 
 
Low giant clam densities coupled with Singaporeʼs contemporary reef 
conditions, especially the lack of suitable substrate and reduced water quality 
(Burke et al., 2002), create a poor environment for reproduction and 
recruitment. It appears to be low mortality among the mature clams that 
maintains the present population (Yamaguchi, 1977) but, with the adults 
exposed to ongoing stressors (Courtois de Vicose & Chou, 1999), 
Singaporeʼs entire giant clam stock is endangered. Plans to restock these 
large and colourful bivalves in Singapore, through mariculture and 
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subsequent out-planting, are underway. Larval dispersal models are being 
used to help identify nursery sites that have the greatest potential as sources 
of larvae for other Southern Island reefs. Improving water quality, however, 
continues to be the major challenge for local marine managers and 
substantial reductions in turbidity and sediment load will be required to ensure 
the successful conservation of giant clams in Singapore. 
 
M.L. Neo (2013) Giant clams (Subfamily Tridacninae) in Singapore: Past, Present, and Future 
95 
CHAPTER 5. RECRUITMENT CONSTRAINTS IN SINGAPOREʼS 
FLUTED GIANT CLAM (TRIDACNA SQUAMOSA) POPULATION – A 
DISPERSAL MODEL APPROACH4 
5.1. Introduction 
Giant clam populations in Singapore have declined since the early 1950s due 
to overharvesting and the loss of coral reef habitats (Guest et al., 2008; Neo 
& Todd, 2012b). Surveys of Singaporeʼs Southern Islands conducted in 
2009/2010 indicate that only a very small adult population of two species 
(Tridacna crocea and T. squamosa) persists, while Hippopus hippopus, T. 
gigas, and T. maxima, which used to be present, are now locally extinct (Neo 
& Todd, 2012a, 2012b). All the clams surveyed were mature (Neo & Todd, 
2012a), indicating a lack of local recruitment and possibly a low chance of 
natural recovery. For giant clam populations to remain viable, each 
reproducing clam must replace itself within a generation length. This 
encompasses the probability that: 1) broadcast gametes meet and fertilise, 2) 
larvae are dispersed, settle successfully and grow, and 3) the new clams 
reach reproductive age and produce new larvae. Singaporeʼs giant clam 
populations are probably constrained by component Allee effects, i.e. their 
low densities reduce the likelihood of successful fertilisation and subsequent 
recruitment (Wada, 1954; Nash et al., 1988). As populations of marine 
organisms were thought to be ʻopenʼ with large effective population sizes 
(Cowen et al., 2000), Allee effects were rarely considered important 
(Gascoigne & Lipcius, 2004). However, broadcast spawning marine species 
                                                
4 This chapter has been published in Neo, M.L., P.L.A. Erftemeijer, J.K.L. van Beek, D.S. van 
Maren, S.L-M. Teo & P.A. Todd, 2013. Recruitment constraints in Singaporeʼs fluted giant clam 
(Tridacna squamosa) population – A dispersal model approach. PLoS ONE, 8(3): e58819. 
doi:10.1371/journal.pone.0058819 
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experiencing reduced populations, due to over-exploitation for example, are 
now believed to be susceptible to Allee effects (Hobday et al., 2001; 
Gascoigne & Lipcius, 2004). 
 
Giant clams are broadcast spawners with high fecundity but poor early life 
survivorship (Heslinga & Fitt, 1987). Published recruitment studies of giant 
clams are few in number (Pearson & Munro, 1991; Neo et al., 2009), and 
none address larval dispersal mechanisms despite the well-documented 
importance of larval transport for many marine invertebrate species (Knights 
et al., 2006; Bolle et al., 2009). With a planktonic phase of approximately nine 
days (Copland & Lucas, 1988), their larvae are likely to have a substantial 
dispersal capability (as larvae can potentially be transported hundreds of 
kilometres in that timeframe), which may facilitate connectivity among 
populations (Benzie & Williams, 1992a; Becker et al., 2007). Conversely, 
results from giant clam genetic studies have indicated restricted gene flow, 
suggesting lower levels of exchange (DeBoer et al., 2008; Kochzius & 
Nuryanto, 2008). Ocean current patterns have been invoked to explain such 
genetic divergences among marine invertebrate populations (Carpenter et al., 
2011), as they can influence temporal and spatial physical processes that 
potentially restrict larval dispersal and gene flow (Ravago-Gotanco et al., 
2007; White et al., 2010). 
 
Efforts to conserve giant clams in Singapore are underway (Todd & Guest, 
2008; Neo & Todd, 2012b) with baseline research conducted on their 
distribution (Guest et al., 2008; Neo & Todd, 2012a), autecology (Ling et al., 
2008; Neo & Todd, 2011a; Neo et al., 2011) and behaviour (Huang et al., 
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2007; Neo & Todd, 2011b). Regionally, studies on depleted giant clam 
populations have examined the fundamental genetic structures of broodstock 
populations vis-á-vis enhancing genetic diversity in progeny batches (Munro, 
1993; Nuryanto et al., 2007) and reintroducing captive-reared clams onto 
reefs (Gomez & Mingoa-Licuanan, 2006). Larval life stages are important 
considerations when rebuilding marine invertebrate stocks (Arnold, 2008), 
especially as recruitment rates and population connectivity for molluscs are 
dependent on the dispersal patterns of planktonic larvae from spawning areas 
to settlement grounds (Roegner, 2000). Knowledge on larval dispersal within 
Singapore waters is essential to ensure a sustainable population of giant 
clams, for instance, by helping to identify nursery sites that have the greatest 
potential as a source of larvae for other Southern Island reefs. Through a 
combination of hydrodynamic and behavioural modelling of clam larvae, the 
present study simulates connectivity and recruitment to investigate potential 
constraints on the transport success of fluted giant clam, T. squamosa 
larvae⎯expressed as the number of larvae assumed to have settled onto 
local reefs by the end of their pelagic cycle. We tested three hypotheses: 1) 
there is limited connectivity between Singaporeʼs reefs and other reefs in the 
region, 2) there is limited exchange within Singaporeʼs Southern Islands, and 
3) there exist low-density constraints to fertilisation efficacy (component Allee 
effects). 
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5.2. Materials and methods 
Egg and larval transport was modelled using a three-dimensional (3D) 
hydrodynamic model and an Eulerian transport model coupled with 
mathematical definitions of larval characteristics, including estimates of 
sedimentation velocity, growth, behaviour, and development of giant clam 
larvae. 
 
Hydrodynamic model. – Delft3D is a modelling system that allows the 
simulation of flow, wave, sediment transport, and ecological processes (see 
Roelvink & Van Banning, 1994; Lesser et al., 2004). By solving well-
established shallow-water hydrostatic pressure equations, Delft3D-FLOW can 
simulate the 3D unsteady flow and transport phenomena resulting from tidal 
and meteorological forcing (Stelling & Van Kester, 1994; Lesser et al., 2004). 
These model equations, formulated in orthogonal curvilinear coordinates, are 
discretised onto a staggered Arakawa-C grid and time-integrated by means of 
an alternating direction implicit (ADI) numerical scheme in horizontal 
directions and by the Crank-Nicolson method along the vertical, which is 
either discretised by terrain following coordinates (σ-transformation) or 
through horizontal z-layers (Leendertse, 1987). The solution is mass 
conserving at every grid cell and time step. This code is extended with 
transport of salt and heat content and with four turbulence models such as the 
k-ε model (Launder & Spalding, 1972) for vertical exchange of horizontal 
momentum and matter or heat, possibly subjected to density stratification, 
and with other models for lateral mixing. Along the open sea boundaries, tidal 
harmonics for water level or currents and concentration patterns for 
constituents are imposed. The computed flow and mass-transport patterns 
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can be coupled off-line to other Delft3D modules, such as the Eulerian 
advection-diffusion model Delft3D-WAQ (see below). In this off-line coupling, 
aggregation in time step and/or grid cells is optional for speeding up 
subsequent analyses. A number of studies (e.g. Roelvink & Van Banning, 
1994; Luijendijk, 2001) have demonstrated the applicability of Delft3D to the 
modelling of shallow-water hydrodynamics. 
 
Model grid resolution, water layers, and model forcing. – Here we used a 
locally refined version (van Maren, 2011) of the Singapore Regional Model 
(see Gerritsen et al., 2009). This model is composed of three domains (van 
Maren & Gerritsen, 2012). The modelʼs outer domain has a grid cell size 
decreasing from 30 km near the boundaries to ~300 m around Singapore 
(see Fig. 5.1). The middle domain (in red) has the same resolution (300 m), 
but the local domain (in blue) around Singaporeʼs islands are refined by a 
factor three compared to the outer and middle domains, leading to grid cell 
sizes down to 100 m. 
 
The model was forced at its three open boundaries (the Andaman Sea in the 
northwest, the South China Sea in the northeast, and the Java Sea in the 
southeast) by eight tidal constituents and a mean annual cycle of the 
monsoon-induced water level, derived from 15 years of Topex-Poseidon and 
Jason-1 satellite altimetry (see Gerritsen et al., 2009; Ooi et al., 2009). 
 




Figure 5.1. Singapore regional model. This model is composed of three domains. A) 
The overall outer domain including Peninsular Malaysia and the eight regional 
release points (green dots). The red and blue domains represent the refined grid 
resolutions for Singapore's coastal waters. B) The blue grid encompasses the waters 
surrounding Singapore's Southern Islands. The red dots represent the 28 release 
points (i.e. the positions of Tridacna squamosa in Singapore). 
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Calibration and validation of hydrodynamics. – The hydrodynamics in 
Singapore coastal waters are complex, with predominantly semi-diurnal water 
level variations but diurnal currents. Superimposed on this are compound 
tides generated by semi-diurnal and diurnal constituents with a periodicity 
equal to the spring neap cycle (approximately two weeks), and monsoon 
currents (van Maren, 2011). Within Singaporeʼs Southern Islands area, 
dominant flow is eastward from April/May to September/October, and 
westward during the other months. This seasonal variation, and the two-
weekly variations, is well reproduced by the model. It should be noted that the 
stations Banyan and Sawa are within the Southern Islands area, where large-
scale clockwise circulation generates more pronounced eastward currents 
than in the open Singapore Strait south of the islands (van Maren & Gerritsen, 
2012). Therefore residual currents within the Southern Islands group in April 
tend to be directed eastward while in the open strait they may be directed 
westward. 
 
Transport model. – Transport of giant clam eggs and larvae was modelled 
using the water quality module of Delft3D (Delft3D-WAQ) (Postma, 1994). 
Delft3D-WAQ is a transport model that has been successfully applied to 
dispersal simulations of seagrass seeds, fish larvae, and mangrove 
propagules (Erftemeijer et al., 2008; Bolle et al., 2009; Erftemeijer et al., 
2009; DiNitto et al., 2010). The model calculates the concentrations of 
ʻsubstancesʼ (in this case: either eggs or larvae) for each time-step as a 
function of the initial concentrations, advective and dispersive transport, and 
biological characteristics and processes. Delft3D-WAQ is an Eulerian model 
based on the finite-volume method (i.e. multiplication of fluxes with 
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concentrations to obtain masses across internal and external boundaries). 
Both finite-volume methods and particle tracking model approaches can (in 
principle) provide comparable results (Zhang & Chen, 2007). With our focus 
on mid-field and far-field effects, the WAQ model (including the extensive and 
well-validated biological process library) is more appropriate than a particle-
tracking method. The main advantages of particle-tracking are that it offers 
sub-grid model resolution as well as the opportunity to track individual 
seedlings, both of which are not very relevant to our study. The actual water 
system is represented within Delft3D-WAQ by means of computational 
elements (segments). The flow between segments is derived from the 
hydrodynamic model (Delft3D-FLOW) of the same resolution (i.e. down to 100 
m around the Southern Islands). 
 
Definition of processes and parameters. – Specific release points outside 
of Singapore (eight points) (Fig 5.1a) and within the Southern Islands (28 
points) (Fig. 5.1b) were selected as initial spawning points for modelling the 
transport of eggs and larvae. Factors that are known to affect larval growth 
and development were incorporated into the transport model: spawning 
periods, different stages of larval development (with different behavioural 
rules), larval swimming behaviour, and mortality of larvae at respective 
stages. The details of larval stages, specific behavioural rules, processes and 
parameters incorporated into the model are described below. 
 
Spawning. – Spawning seasonality in T. squamosa varies among localities 
(Wada, 1954; Gwyther & Munro, 1981; Tan & Yasin, 2001) but mature 
gametes can generally be found throughout most of the year (Tan & Yasin, 
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1998). Since the actual spawning periods in Singapore are unknown, three 
time points representing local seasonality were selected to investigate the 
effects of spawning times on recruitment success. Spawning in giant clams 
often occurs during full moon or new moon (Heslinga et al., 1990; Ellis, 1998) 
and this was therefore taken into account with the transport of either eggs or 
larvae modelled assuming each simulation was a single spawning event on 
the following lunar periods: 22 Jan.2004 (new moon), 10 Apr.2004 (full 
moon), and 18 Jun.2004 (new moon). Giant clams are benthic spawners, 
hence all eggs were released in the lowest 10% of the model layer 
representing the water column. 
 
Development and behaviour of eggs and larvae. – In the model, five 
developmental stages (Neo et al., 2011) were distinguished based on their 
behavioural and physical traits in relation to horizontal and vertical transport. 
Stage 1: Passive horizontal pelagic transport of eggs homogenously 
distributed within the water column. At day 0, eggs were assumed to have 
neutral buoyancy while being passively transported by currents. 
Stage 2: Passive horizontal pelagic transport of trochophores as in 
Stage 1. Assuming all the released eggs were fertilised, upon hatching after 
24 h, the trochophores have limited overall locomotion (LaBarbera, 1974) and 
are largely transported by currents. With their poor swimming ability, vertical 
transport with diel migration is limited at this stage (see ʻSensitivity 
analysesʼ below). The distinction between eggs and pelagic trochophores 
was made to facilitate growth parameter settings such as mortality rates and 
sedimentation velocity. 
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Stage 3: Passive horizontal pelagic transport of veliger larvae. 
Locomotion of early veligers (2 to 4-days old) is primarily through ciliary band 
movement (Chia et al., 1984; Young, 1995), which affects vertical position but 
is negligible in the horizontal dimension compared to the strength of the 
currents. Therefore, only vertical movement was simulated in the model, by 
varying the larvaeʼs sedimentation velocity (see ʻSensitivity analysesʼ 
below). Stage 3 mortality rates and sedimentation velocity were different to 
those in Stage 2. 
Stage 4: Passive horizontal pelagic transport of veliger larvae. In 
Stage 4 (5 to 7-days old), late veligers develop a primitive foot⎯an initiation 
of their sedentary lifestyle, but still rely on swimming to move between the 
surface water and bottom layers. The sedentary component of Stage 4 
distinguishes it from Stage 3. 
Stage 5: During the last metamorphosis stage, the velum and fully 
developed foot of pediveligers allows them to alternately swim and crawl on 
the benthos; over time, these larvae become increasingly sedentary 
(Jameson, 1976; Neo et al., 2009). Transport is completed after this 
metamorphosis stage. In Stage 5, juveniles (8 to 9-days old) either continue 
to exhibit the behaviour of Stage 4 larvae, or settle onto the coral reefs. Giant 
clam larvae respond to settlement cues such as the presence of crustose 
coralline algae (Neo et al., 2009) and/or conspecific adults (Braley, 1987a; 
Adams et al., 1988), both of which are found on coral reefs. Hence, in our 
model, larval settlement was mimicked when larvae passed over coral reef 
areas (see Fig. 5.2). 
 




Figure 5.2. Singaporeʼs Southern Islands. Coral reef areas (in colour) among 
Singaporeʼs Southern Islands used to estimate transport success. Each colour 
corresponds to a distinct potential sink site. 
 
Growth parameters of the various stages were estimated using existing data 
obtained from laboratory experiments (Neo et al., 2011) and mariculture 
literature (LaBarbera, 1974; Fitt & Trench, 1981; Fitt et al., 1984). The 
average values for concentrations of egg release and development rates for 
each stage were chosen as default model settings (see ʻSensitivity 
analysesʼ below). For each dispersal scenario, the transport model was run 
for a period of 15 days (Ellis, 1998) as previous work indicated this was the 
time during which T. squamosa larval settlement occurs (unpublished data). 
 
Sensitivity analyses. – Four sensitivity scenarios (and the default scenario) 
were performed using a single release site on Pulau Semakau (1°12ʹ′10.30ʺ″N, 
103°45ʹ′25.45ʺ″E). Three parameters were examined for their effect on larval 
transport success: seasonality, larval sedimentation velocity incorporating diel 
vertical migration (i.e. positive in the night and negative in the day), and 
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mortality rates. For all scenarios, three time points were chosen: 22 Jan.2004, 
10 Apr.2004, and 18 Jun.2004 (as described earlier). Approximated settling 
velocities were varied between the larval stages (Chia et al., 1984). Across all 
scenarios, Stage 1 (eggs) was assumed neutral buoyancy (0 cm s-1). Three 
sedimentation velocity scenarios were set for larvae, where a) all larval 
stages assumed settling velocities of 0 cm s-1 (Neutral), b) all larval stages 
assumed average settling velocities (+/-0.0579 cm s-1; Average), and c) Stage 
1 = 0 cm s-1; Stage 2 = +/-0.0579 cm s-1 and Stages 3−5 = +/-0.1 cm s-1 
(Default). Input values for settling rates were obtained from bivalve larvae 
literature (Chia et al., 1984; Hadfield & Koehl, 2004) following a diel vertical 
migration (Manuel & OʼDor, 1997). Three scenarios were set to test effects of 
mortality rates on survivorship, where all larval stages experienced a) lowest 
mortality (Low mortality), b) highest mortality (High mortality), and c) average 
mortality (Default). For the respective larval stages, mortality rates were 
estimated using published data of other giant clam species (Table 5.1). The 
settlersʼ distribution patterns were analysed using graphic contour plots that 
indicated both the temporal and spatial distribution of larvae (densities m-2). At 
each time point, the number of settlers (i.e. total bottom larvae) that had 
arrived on all of the local coral reefs at the end of the model run was summed 
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Table 5.1. Mortality rates for Tridacna larvae. Where data for Tridacna squamosa 
were deficient, larval mortality at five larval stages was extrapolated from published 
and unpublished reports of other giant clam species. Data have been reworked to fit 
into the model, k = -In(1-pm)/(D/24) in which D is stage duration and pm is the 
proportion of dead larvae. 
  










Ellis, 1998 pm k pm k pm k 
Stage 1 (eggs) - 0 h 0 0 0 0 0 0 
Stage 2 
(trochophores) 
Alcala et al., 
1986 24 h 0.167 0.183 0.933 2.703 0.567 0.836 
Stages 3 (D-
veliger) 
Alcala et al., 
1986; Alcazar 
& Solis, 1986 
48 h 0.200 0.112 0.945 1.450 0.529 0.376 
Stage 4 (late 
veliger) 
Alcala et al., 
1986; Latama, 
1995 
48 h 0.200 0.112 0.945 1.450 0.529 0.376 
Stage 5 
(pediveliger) 
Alcala et al., 
1986 96 h 0.571 0.212 0.950 0.749 0.816 0.423 
 
Modelling scenarios. – Tridacna squamosa have a high fecundity, releasing 
eggs of 420,000 to 46,000,000 eggs released per individual each spawning 
(Tan & Yasin, 2001; Neo et al., 2011). In the model, a fixed average initial 
concentration of 4,500,000 eggs was released over a 15-mins time step. 
Based on the sensitivity analyses, Default settings were used for all transport 
models. Three main scenarios were considered in the investigation of larval 
connectivity and the effects of hydrodynamics on larval recruitment. 
(1) Dispersal patterns from regional donor reefs to Singapore—this 
scenario examined the potential of regional coral reefs to donate giant clam 
larvae to reefs in Singapore (i.e. recipient reefs), modelled using the 
hydrodynamics simulated for 22 Jan.2004, 10 Apr.2004, and 18 Jun.2004 
over a period of 15 days of transport. Eight release points, i.e. possible donor 
sites, were examined individually (eight separate runs): Koh Racha Yai 
(Thailand), Port Dickson (Malaysia), north and south Batam, Bintan, Bangka-
Belitung and Anambas (all Indonesia), and Tioman Island (Malaysia) (see 
Fig. 5.1a for exact localities). 
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(2) Dispersal patterns within Southern Islands, Singapore—this 
scenario examined source-sink dynamics via larval dispersal within the 
Southern Islands reefs, modelled using the hydrodynamics simulated for 10 
Apr.2004 over a period of 15 days of transport. Transport model was 
performed in Apr.2004 based on the mass coral spawning in Singapore 
(Guest et al., 2005), assuming that it was an ʻidealʼ period for larval dispersal. 
For this study, source reefs are habitats optimal for restocking while sink reefs 
are habitats where restocking is likely to be fruitless, but can serve as 
locations for the recruitment of larvae via source reefs (Lipcius et al., 2008). 
To identify respective source and sink reefs within the Southern Islands, reefs 
supporting the current T. squamosa population (n = 28) in Singapore (Neo & 
Todd, 2012a) were individually examined as possible sources of larvae in this 
scenario. Release points were as follows: Raffles Lighthouse 01−02, Biola 
01−03, Senang, Pawai, Berkas, Sudong, Salu, Beting Bemban Besar 01−02, 
Terumbu Raya, Semakau 01−05, Terumbu Semakau, Jong 01−02, Terumbu 
Pempang Tengah, Hantu, Sisters 01−02, Kusu 01−02, and Cyrene. 
 (3) Egg dispersal potential—this scenario examined egg dispersal 
movement within the Southern Islands reefs; modelled using the 
hydrodynamics simulated for 10 Apr.2004 over a period of 6 h. As egg 
masses are known triggers for eliciting a spawning response (resulting in 
either release of sperm or eggs) in adult clams (Munro et al., 1983; Braley, 
1984), transport of eggs was of greatest interest. Release points represented 
the current T. squamosa population (as described earlier) and eggs were 
released at each location (28 separate runs). 
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Analysis of outputs from modelled scenarios. – To quantify larval 
transport patterns and concentrations, post-model processing was carried out 
to calculate the following output parameters: 
(1) Dispersal patterns from regional donor reefs to Singapore—at 
each time point, the percentage of successful settlers that had arrived on 
Singaporeʼs coral reefs at the end of the model run was summed to calculate 
transport success from respective donor locations. 
(2) Dispersal patterns within Southern Islands, Singapore—the density 
of successful settlers (i.e. number of larvae per 10,000 m2) that had arrived on 
the local coral reefs was computed at the end of the model run. The model 
grid area was subdivided into 19 reef sections (Fig. 5.2), delimited by the 20 
m-depth contour. For each section, the number of larvae per compartment 
was summed to determine the transport success. 
(3) Egg dispersal potential—time-series plots describing the arrival 
time of eggs over certain clams was determined by plotting larval density 
(number per m2) in the model at each observation point (usually one grid cell) 
showing the accumulation of eggs over any specified coral reef area. Donor-
recipient clams were identified with the following parameters: distance 
between clam pairs, arrival time of eggs, and peak number of eggs arrived 
per m2. 
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5.3. Results 
Sensitivity analyses. – Sensitivity analyses of the release times indicated 
that successful settlement of giant clam larvae on Singaporeʼs reefs could 
potentially be achieved throughout the year, with the greatest chances of 
successful larval settlement when gametes were released during June. 
Density of larval settlement on reefs increased over the months: January < 
April < June (Fig. 5.3). January is the period with the greatest westward flow 
velocity whereas eastward flow peaks in June-July (with April being the 
transitional period); settlement is therefore expected to decrease again after 
June-July. Settlement success varied among islands, where in January and 
April, the northwestern reefs had higher densities of settled larvae, while 
northern and southern reefs had higher densities of settled larvae in June 
(Fig. 5.3). Variations in the larval sedimentation velocity, following a diel 
vertical migration pattern, did not affect larval transport success (Fig. 5.4). 
However, mortality rates for each larval stage had a significant effect on 
transport success. Highest mortality rates (see Table 5.1) resulted in almost 




Figure 5.3. Contour plots of settler density. Distribution patterns of giant clam larvae 
on local coral reefs at the end of transport phase for the three spawning periods: A) 
22 Jan.2004, B) 10 Apr.2004, and C) 18 Jun.2004. 
 




Figure 5.4. Sensitivity scenario analyses. Sensitivity testing on the effect of mortality 
and sedimentation velocity settings on numbers of settled larvae for three different 
timings of release (January, April, June). 
 
Regional donor reefs and Singapore. – Transport successes of larvae to 
Singapore from five donor localities in neighbouring countries (Koh Racha 
Yai, Port Dickson, Bangka-Belitung, Tioman Island and Anambas) were very 
poor (~0%) (Table 5.2). Three other donor localities (north and south Batam, 
and Bintan) had more positive transport success. Larvae from north Batam 
had the highest settlement success of 61.58% on Singaporeʼs reefs in June, 
while Bintan had high settlement success throughout the year (January: 
30.86%, April: 44.53%, June: 19.40%) (Table 5.2). 
 
Table 5.2. Proportion of larvae settled onto Singaporeʼs coral reefs. Percent of total 
number of Tridacna squamosa larvae released from various regional donor reefs that 
reached recipient reefs around Singaporeʼs Southern Islands. 
 
Transport Success (%) Donor Coral Reefs Jan.2004 Apr.2004 Jun.2004 
Koh Racha Yai 0.00 0.00 0.00 
Port Dickson 0.00 0.00 0.00 
South Batam 0.01 0.80 0.51 
North Batam 5.94 22.50 61.58 
Bintan 30.86 44.53 19.40 
Bangka-Belitung 0.00 0.00 0.00 
Tioman 0.13 0.00 0.00 
Anambas 0.00 0.00 0.00 
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Southern Islands reefs, Singapore. – A summation matrix of total bottom 
larvae was produced to identify the prospective source and sink sites on 
Southern Islands reefs for analysis of local reef connectivity. Assuming all 19 
sections were potential sink sites, larval transport success (per 10,000 m2 of 
reef area) was low among Southern Islands reefs (Table 5.3). The eastern 
islands, such as Sistersʼ and Kusu islands (Fig. 5.2) could be potential source 
reefs as, when larvae were released from these locations, surrounding reefs 
were able to receive high numbers of settled larvae per 10,000 m2 (Table 
5.3). Four most potential sink sites were identified: Cyrene, Tekukor, Raffles 
Lighthouse, and Salu, where from a single source site (Sisters 02) each of the 
mentioned reefs received 68.6, 50.2, 46.2, and 38.8 settled larvae per 10,000 
m2 respectively (Table 5.3). Coral reefs found within the central area, such as 
Pulau Hantu, Semakau, Pulau Sudong (Fig. 5.2), were generally poor or 
moderate sources and/or sinks, with the majority of sites receiving fewer than 
20 larvae per 10,000 m2. 
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Table 5.3. Source-sink dynamics for Singaporeʼs coral reefs. Summation matrix of 
settled larvae (per 10,000 m2) showing the potential sources (rows) versus sinks 
(column) among the Southern Islands coral reefs. Source sites are arranged 
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Egg dispersal potential. – To assess low-density constraints to fertilisation 
efficacy, dispersal potential of giant clam eggs between donor and recipient 
clams within known Singapore localities was analysed from the point of 
release (0 h) to 6 h later (estimated viability of eggs; unpublished data). 
Connectivity between T. squamosa individuals was limited to either the dense 
clusters of >2 clams (Raffles Lighthouse and Biola, Beting Bemban Besar and 
Semakau) or paired clam individuals that were in close proximity (within Jong 
and within Kusu) (Table 5.4). Based on the results, for eggs to arrive over 
their nearest-neighbour clams within the period of their viability, clams must 
be within a vicinity of no more than 2000 m. However, the number of eggs 
arriving at recipient clams varied across sites, regardless of time or distance 
(Table 5.4). 
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Table 5.4. Egg dispersal potential of individual giant clams among the Southern 
Islands reefs. Only clams with more than one egg per m2 arriving onto a reef within 
the first 6 h were considered to constitute successful transport. 
 
Donor Clam Recipient Clam Distance (m) 
Time Taken for 
most Eggs to arrive 
at Clam (h) 
Peak 
Number of 
Eggs per m2 




Lighthouse 02 189.80 00:15 1.92 
Biola 01 Raffles Lighthouse 02 362.28 00:15 1.52 
Biola 02 Biola 01 340.43 00:15 3.73 
Biola 03 Biola 01 240.21 00:15 4.29 
Beting Bemban 
Besar 02 153.23 00:45 3.35 
Semakau 04 992.57 01:00 2.80 
Semakau 05 850.08 01:00 2.45 
Semakau 03 1126.64 01:30 1.15 
Beting Bemban 
Besar 01 
Semakau 02 1598.75 02:15 2.22 
Semakau 04 941.07 00:45 1.82 
Semakau 05 834.62 01:00 1.35 Beting Bemban Besar 02 Semakau 02 1499.68 02:15 2.23 
Semakau 05 410.25 01:00 2.14 
Semakau 04 626.81 01:15 1.70 
Semakau 03 860.57 01:30 4.26 Semakau 01 
Semakau 02 1488.08 02:00 1.24 
Semakau 03 Semakau 02 632.81 01:30 1.20 
Semakau 03 227.33 00:30 2.89 Semakau 04 Semakau 02 873.49 01:30 4.57 





2228.47 01:45 1.80 
5 ≤ eggs ≤ 10 per m2 
Biola 02 Biola 03 115.88 00:15 6.02 
Jong 02 Jong 01 172.94 00:15 9.66 
≥ 10 eggs per m2 




Besar 01 153.23 00:15 12.99 
Semakau 05 Semakau 04 248.52 00:15 18.88 
Kusu 02 Kusu 01 267.79 00:15 10.00 
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5.4. Discussion 
For many sessile marine invertebrates, planktonic stages are the only mode 
of dispersal. These stages facilitate their widespread distribution (Shanks et 
al., 2003; Knights et al., 2006), re-colonisation of areas after local extirpation 
(Metaxas & Saunders, 2009), and promote gene flow (Palumbi, 2003). Here, 
we present the first modelling study that examines the transport and 
recruitment of fluted giant clam larvae from outside and within Singapore 
waters using real-time hydrodynamics forcing and incorporating larval 
behavioural processes. Our findings suggest that larval connectivity among 
reefs is largely dependent on monsoons that influence larval transport and 
settlement through the direction and strength of residual currents. Potential 
larval donor reefs in the region appear to be largely restricted to the south of 
Singapore (Batam and Bintan). The sheltering effect of land barriers probably 
affects input from other neighbouring countries. Egg dispersal and local 
recruitment to the existing T. squamosa population was found to be limited in 
our model simulations, indicating poor reproductive efficacy. Hence, the fluted 
giant clam population in Singapore is constrained by component Allee effects 
(Hobday et al., 2001; Gascoigne & Lipcius, 2004), that is, numbers of 
remaining clams are too few and sparsely distributed, leading to low 
fertilisation success. 
 
Giant clam larval transport success appears to be largely driven by variability 
in annual hydrodynamics (for the year that was modelled). Consistent 
westward residual currents in the outer straits of Singapore during January 
and in April drive larval transport towards the west, with higher larval retention 
in the northwestern reefs. In contrast, the lack of residuals in June allows 
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much higher retention in the northern and southern reefs with higher larval 
settlement. In Singapore, broadcasting corals annually spawn in late March or 
mid April (Guest et al., 2005). While the moderate residuals during this time 
may be favourable for coral larvae with short settlement periods (Miller & 
Mundy, 2003) those with longer life cycles, such as giant clams, may 
experience dilution of larvae into the outer straits when released during this 
period. The near absence of residual currents in June favours retention of 
clam larvae, reducing offshore dispersal. Larval mortality also greatly 
influences transport success, which in turn affects juvenile recruitment on 
reefs (Fitt et al., 1984). Sedimentation velocity and diel vertical migration, 
however, have negligible effects on transport success, suggesting that ocean 
currents primarily influence larval dispersal (Scheltema, 1988). Results from 
this modelling study should be interpreted with caution, bearing in mind the 
various assumptions made. The transport success and dispersal distances 
predicted by the model probably do not equate to actual recruitment success 
in the field. 
 
The poor larval connectivity from regional reefs to Singapore could be 
explained by the strong surface currents flowing between the Andaman Sea 
and South China Sea during the monsoons (Chua et al., 2000) that move 
larvae out of the Singapore Strait with little retention. Poor larval connectivity 
with most external potential donor reefs may also be attributed to Peninsular 
Malaysia. Phylogeographic studies of marine invertebrates and mangroves 
have shown that this peninsular acts as a barrier that disrupts gene flows 
between the east and west coasts, corresponding to the western Sunda Shelf 
Barrier (Liao et al., 2007; Kochzius & Nuryanto, 2008; Carpenter et al., 2011). 
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Population genetic breaks in T. crocea populations on the Sunda Shelf and 
western Indonesia also provide evidence for limited connectivity in this region 
(DeBoer et al., 2008; Kochzius & Nuryanto, 2008). In contrast, offshore coral 
reefs located to the southeast of Singapore, combined with the favourable 
westward residuals along the straits (Riddle, 1996) and absence of significant 
land barriers, encourage high larval settlement and retention. As predicted by 
the model, T. squamosa populations in Batam and Bintan could provide a 
significant stock of source larvae for the clam-depauperate reefs in Singapore 
waters; possibly facilitating the natural recovery of populations. 
 
Our model results indicate that source larvae from Singaporeʼs eastern 
islands settle in higher numbers on the western reefs within the Southern 
Islands. This observation could be explained by the westward current 
residuals throughout the year (Riddle, 1996), favouring larval transport in a 
westward direction. The Southern Islands reefs can potentially receive larvae 
from any of the local 28 reefs that currently host giant clams and such 
connectivity was identified in Singaporeʼs T. squamosa population via genetic 
analysis (Neo & Todd, 2012a). Reefs on the northernmost (Cyrene and Pulau 
Tekukor) and southernmost (Raffles Lighthouse) reaches of the Southern 
Islands received most larvae per unit area in the model, with fewest larvae 
per unit area settling among the central island clusters (Semakau and 
Sudong). These larval dispersal patterns may be influenced by the fine-scale 
tidal flows within the Southern Islands area (Purchon & Enoch, 1954; Riddle, 
1996) and the presence of land barriers (Liao et al., 2007), influencing the 
source-sink dynamics. For example, sheltered reefs off Semakau and Sudong 
exhibited much lower settler densities compared to the more exposed reefs 
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off Cyrene and Pulau Tekukor. Singaporeʼs healthiest reef, Raffles Lighthouse 
(Huang et al., 2009) is, perhaps surprisingly, not the best sink. The reefs at 
Raffles Lighthouse experience a larger tidal range due to their proximity to the 
Singapore Straits (Purchon & Enoch, 1954) and there are no nearby islands 
to the east, west, or south, thus larvae may easily be transported away. 
Cyrene, on the other hand, is protected by surrounding land masses (Goh & 
Chou, 1992; van Maren & Gerritsen, 2012), leading to higher larval retention. 
 
Fertilisation success in giant clams can be measured by the eggsʼ dispersal 
potential since a known chemical trigger for spawning synchrony and sperm 
release among clams depends on the presence of eggs (Munro et al., 1983; 
Braley, 1984). For successful fertilisation of gametes, giant clams need to be 
within close proximity (ideally, aggregated) (Huang et al., 2007) for the 
detection of chemical cues from egg masses released by neighbouring 
individuals. For the 28 T. squamosa remaining in Singapore waters, our 
model showed limited potential for egg masses to be dispersed towards/over 
neighbouring clams within the period of egg viability. This limited connectivity 
between individuals may partially explain the absence of juvenile fluted giant 
clams on local reefs (Neo & Todd, 2012a). The model results revealed that 
only clams found on the same reefs could potentially trigger spawning and 
result in subsequent fertilisation. Previous modelling studies have suggested 
that, even with small nearest-neighbour distances, the percentage of eggs 
fertilised can be limited⎯especially under high turbulence conditions such as 
in the surf zone (Denny & Shibata, 1989). Field data from Green & Craig 
(1999) showed that, even with high densities of mature giant clams on Rose 
Atoll, recruitment was low. Fertilisation efficiency is further known to vary with 
M.L. Neo (2013) Giant clams (Subfamily Tridacninae) in Singapore: Past, Present, and Future 
120 
species and environment (Braley, 1984; Babcock et al., 1994). In Singapore, 
low giant clam density affects reproduction in two ways: 1) it reduces the 
probability of gametes meeting for fertilisation and 2) individuals are unlikely 
to reproduce if there are no neighbouring clams to trigger the cascade of 
spawning synchrony, resulting in component Allee effects on these reduced 
populations (Berec et al., 2007). 
 
As giant clams continue to be threatened by anthropogenic activities, active 
conservation measures are needed (Heslinga et al., 1990; Bell et al., 2005; 
Bell et al., 2006). Their sedentary mode of life makes giant clams highly 
amenable candidates for restocking and stock enhancement (Heslinga & Fitt, 
1987; Heslinga et al., 1990) and depleted clam populations (Braley, 1987a; 
Pearson & Munro, 1991) are currently being restored through these means in 
Fiji, Palau, and the Philippines (Heslinga & Fitt, 1987; Adams et al., 1988; 
Gomez & Mingoa-Licuanan, 2006). However, none of these efforts accounted 
for whether the transplant sites were effective as source habitats to 
encourage recruitment in sink sites (Bell, 1999). The designation of effective 
restocking sites requires closer examination of metapopulation dynamics, 
habitat quality and recruitment processes (Bell et al., 2005; Lipcius et al., 
2008), and their potential to augment recruitment (Morgan & Botsford, 2001; 
Botsford et al., 2003). The results from the present study enable the 
identification and selection of potential source and sink sites for more 
effective restocking efforts. Metapopulation enhancement can thus be 
optimised by restocking source populations and subsequently will encourage 
recruitment in sink populations via larval dispersal (Lipcius et al., 2008). An 
added strategy to enhance current metapopulations of T. squamosa in 
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Singapore waters is to perform in situ spawning induction of populations 
during favourable current periods (e.g. June) to maximise larval retention and 
settlement. 
 
Tridacna squamosa restocking efforts in Singapore are ongoing (Neo & Todd, 
2012b), focusing on ex situ breeding and rearing of juvenile clams for out-
transplantation. Despite a turbid environment, results from previous outgrowth 
experiments using imported maricultured juvenile clams were positive (Guest 
et al., 2008). Natural recovery of the T. squamosa population in Singapore 
waters may be possible upon receiving source larvae from nearby offshore 
coral reefs south of Singapore, but this could take several decades. Even with 
the potential source larvae, sediment layers on the local reefs continues to be 
a major challenge for successful settlement and survival of juvenile giant 
clams in Singapore (Chou et al., 2004; Neo & Todd, 2012b). The present 
study supports previous suggestions (Neo & Todd, 2012a) that the fluted 
giant clam population in Singapore is experiencing component Allee effects 
(Stephens & Sutherland, 1999; Gascoigne & Lipcius, 2004), placing 
constraints on their minimum viable population (Nunney & Campbell, 1993; 
Courchamp et al., 1999). Knowledge gaps, such as the critical densities of 
giant clams required to assure good fertilisation success, have yet to be 
resolved (Braley, 1987a; Bell et al., 2006; Deredec & Courchamp, 2007). 
Conservation strategies for this species need to account for local 
hydrodynamics, potential source and sink reef sites, and the (ideally, 
aggregated) placement of restocked specimens, if the long-term persistence 
of the population is to be ensured. 
 
M.L. Neo (2013) Giant clams (Subfamily Tridacninae) in Singapore: Past, Present, and Future 
122 
CHAPTER 6. CONSERVATION STATUS REASSESSMENT OF GIANT 
CLAMS (MOLLUSCA: BIVALVIA: TRIDACNINAE) IN SINGAPORE5 
6.1. Introduction 
Giant clams (family Cardiidae, subfamily Tridacninae) are a group of marine 
bivalve molluscs consisting of two genera: Hippopus and Tridacna, with 10 
extant species (bin Othman et al., 2010). These charismatic bivalves are 
often cited as important ecological components of coral reefs, especially as 
contributors to overall productivity and providers of substrate, i.e. their shells, 
for epibionts (Hardy & Hardy, 1969; Mingoa-Licuanan & Gomez, 2002). 
Unfortunately, populations of wild giant clams are declining in various 
countries including Australia (Braley, 1987a), Indonesia (Pringgenies et al., 
1995), Malaysia (Tan & Yasin, 2003), the Philippines (Alcala, 1986), and 
Singapore (Neo & Todd, 2012a), as they face threats of coral reef 
degradation (Chou, 1999; Guest et al., 2008), subsistence harvesting by 
coastal and island communities (Munro, 1989; Kinch, 2002), and the sale and 
export of wild specimens for the aquarium trade (Wells, 1997; Wabnitz et al., 
2003). Giant clams are highly vulnerable to stock depletion because of their 
late sexual maturity and sessile adult phase (Munro, 1989). Fertilisation of 
tridacnid eggs is maximised by synchronised spawning (Lucas, 1988; Gilbert 
et al., 2006a), which is induced by the release of eggs from an individual 
stimulating spawning of surrounding clams (Munro et al., 1983). If densities of 
mature clams decrease, breeding is disrupted (Lucas, 1988) and populations 
become reproductively dysfunctional. This can result in reduced recruitment 
and eventual population collapse. 
                                                
5 This chapter has been published in Neo, M.L. & P.A. Todd, 2013. Conservation status 
reassessment of giant clams (Mollusca: Bivalvia: Tridacninae) in Singapore. Nature in 
Singapore, 6: 125–133. 
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To date, nine giant clam species (i.e. all except the newly described T. 
costata) are protected under Appendix II of the Convention on International 
Trade in Endangered Species of Wild Fauna and Flora (CITES) and Table 6.1 
summarises their global conservation statuses as assessed by the 
International Union for Conservation of Nature (IUCN). 
 
The listed species can be categorised into two main global status groups: 
“vulnerable” for T. derasa, T. gigas, T. rosewateri, and T. tevoroa and “lower 
risk/conservation dependent” for H. hippopus, H. porcellanus, T. crocea, T. 
maxima, and T. squamosa. The IUCN Red List of Threatened Species 
highlights species at risk of extinction and promotes their conservation 
(Collar, 1996). The list is frequently used to guide management of resources 
(Rodrigues et al., 2006), such as by CITES that help prevent species from 
becoming threatened through international trade (Wells & Barzdo, 1991). 
Hence, both IUCN and CITES serve to complement the development of 
effective conservation strategies and measures for protecting species. 
However, it is important to note that 1) the assessed global status might be 
outdated (as is the case for giant clams, as they were reviewed mostly by 
[Wells, 1996]) and 2) their reported status may not accurately reflect the 
situation in individual countries. Without accurate assessment at finer 
geographical scales, CITES and IUCN data may become misleading for 
conservation managers. For instance, it is quite possible for a species to be 
classified by IUCN as “lower risk/conservation dependent” but extinct or near 
extinct at country-level. 
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Table 6.1. Conservation status categories of nine giant clam species listed by the 
IUCN Red List of Threatened Species (Molluscs Specialist Group, 1996; Wells, 
1996). 
 
Species Name Common Names Global Conservation Status 
Hippopus hippopus (Linnaeus, 
1758) 
Bear paw clam; Horseʼs 




Rosewater, 1982 China clam 
Lower Risk/conservation 
dependent  
Tridacna crocea Lamarck, 1819 Boring clam; Crocus clam; Saffron-coloured clam  Lower Risk/least concern  
Tridacna derasa (Röding, 1798) Southern giant clam  Vulnerable A2cd  
Tridacna gigas (Linnaeus, 1758) Giant clam; Bénitier Géant  Vulnerable A2cd  
Tridacna maxima (Röding, 1798) Small giant clam  Lower Risk/conservation dependent  
Tridacna rosewateri Sirenko & 
Scarlato, 1991 Bénitier de Rosewater  Vulnerable A2cd 
Tridacna squamosa Lamarck, 
1819 
Fluted clam; Fluted giant 
clam; Scaly clam 
Lower Risk/conservation 
dependent  
Tridacna terovoa Lucas, Ledua 
& Braley, 1990 
Tevoro clam; Bénitier de 
Tevoro  Vulnerable B1+2c  
 
Singaporeʼs coral reefs once hosted five giant clam species: Hippopus 
hippopus, Tridacna crocea, T. gigas, T. maxima, and T. squamosa (Neo & 
Todd, 2012b), and records of their presence in Singapore can be dated back 
to the 1800s (Traill, 1847). Giant clams were mostly threatened by 
exploitation during Singaporeʼs early years (harvesting as food for example 
[Daily Telegraph, 1914]), which persisted well into the 1960s and possibly 
beyond (Harrison & Tham, 1973; Chou, 1984). Intensive coastal development 
beginning in the late 1960s led to extensive loss of coral reefs and their 
associated fauna (Chou, 1999), including giant clams (Guest et al., 2008), 
and has probably overtaken exploitation as the greatest threat to reef 
animals. Increased sea surface temperatures in Singapore (Guest et al., 
2012) may also lead to giant clams bleaching, i.e. the expulsion of their 
symbiotic zooxanthellae (Ishikura et al., 1999). It is likely that, together, these 
impacts have significantly altered giant clam populations on Singapore reefs. 
While the presence of giant clams in Singapore has traditionally been quite 
well documented (e.g. Traill, 1847; Chuang, 1973b; Purchon & Purchon, 
1981), data on their abundance and distribution has generally been absent. 
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The two editions of the Singapore Red Data Books list selected giant clam 
species (see Ng & Wee, 1994; Davison et al., 2008) but, based on the 
findings from extensive recent surveys (Guest et al., 2008; Neo & Todd, 
2012a), it is apparent that these entries require updating. This paper revises 
the list of giant clam species present in Singapore and re-evaluates their 
conservation status. 
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6.2. Status of giant clams in Singaporeʼs Red Data Books 
In the 1st Edition of the Singapore Red Data Book (eds. Ng & Wee, 1994), 
three species⎯H. hippopus, T. crocea, and T. squamosa, were all assigned 
the national status of “endangered”. Tridacna squamosa was “unprotected in 
Singapore waters and large specimens have virtually disappeared. Young 
specimens are occasionally but infrequently seen” (Chou et al., 1994: p. 87). 
Habitat degradation, collection for food, and the marine curio trade were listed 
as threats. The authors did not elaborate further on the other two species. In 
the 2nd Edition of Singapore Red Data Book (eds. Davison et al., 2008), T. 
squamosa was listed as “endangered”, i.e. “fewer than 250 mature individuals 
and no other evidence of decline or fragmentation” (Davison, 2008: p. 3), but 
H. hippopus and T. crocea were unmentioned. For T. squamosa, Chou & Tan 
(2008: p. 59) also note “translocation has been used as a technique to avoid 
loss of specimens from coastal development projects and collectors.” 
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6.3. Updated conservation statuses of giant clams in Singapore 
In Singapore, the occurrence of H. hippopus, T. crocea, T. maxima, and T. 
squamosa has been emphasised in numerous publications (e.g. Chuang, 
1961, 1973b; Johnson, 1964; Rosewater, 1965; Purchon & Purchon, 1981; 
Henrey, 1982; Lim et al., 1994; Ng et al., 1995; Wells, 1997). A recent review 
by Neo & Todd (2012b) produced new evidence suggesting a fifth species, T. 
gigas, was once present in Singapore (Traill, 1847; Whymper, 1883), bringing 
the number of giant clam species to five. Giant clam sightings from early 
surveys mostly indicated their presence or absence in Singaporeʼs waters 
(e.g. Purchon & Enoch, 1954; Purchon & Purchon, 1981; Chou & Wong, 
1986), with little additional information. The first quantitative clam survey was 
conducted at seven reefs in 2003 (Guest et al., 2008), and determined an 
overall clam density of 0.24 per 100 m2. A more extensive survey of 29 reefs 
in 2009/2010, however, revealed a much lower density of 0.067 per 100 m2 
(Neo & Todd, 2012a). Species composition also differed between the two 
surveys, with T. maxima, T. crocea, and T. squamosa listed in 2003, but only 
the latter two species were encountered in 2009/2010 (Table 6.2). Hippopus 
hippopus and T. gigas were not found in either of the surveys. Based on 
evidence from these two surveys, plus additional observations made by the 
authors, we present below updated conservation statuses for the five species 
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Table 6.2. A comparison of survey data from 2003 (Guest et al., 2008) and from 
2009/2010 (Neo & Todd, 2012a). 
 
Period of Surveys 2003 Survey 2009/2010 Survey 
Number of sites 7 29 
Total area  9,760 m2 87,515 m2 
Clam density (per 100 m2) 0.24 0.067 
Species Encountered Number of Individuals 
Hippopus hippopus 0 0 
Tridacna crocea 7 31 
Tridacna gigas 0 0 
Tridacna maxima 1 0 
Tridacna squamosa 14 28 
 
Tridacna gigas. — To the best of our knowledge, the presence of T. gigas in 
Singapore has only been mentioned in three early sources: William Traillʼs 
table entitled “Catalogue of the shells of Singapore and its vicinity” (Traill, 
1847), the “Great Oyster from Singapore (Tridacna gigas)” presented at a 
fisheries exhibition in London, England (Whymper, 1883, Fig. 6.1), and a 
newspaper article in the UKʼs Daily Telegraph (1914). These findings are 
noteworthy, as T. gigas is not listed as native to Singapore by the IUCN 
(Wells, 1996). In 2007, T. gigas shell valves were excavated from a pre-1932 
site at Tyrwhitt Road, Singapore, and these may have been harvested from 
local reefs (Neo & Todd, 2012b). No signs of either live or dead T. gigas 
individuals were found during surveys by Guest et al. (2008) or Neo & Todd 
(2012a). As T. gigas can grow up to over 1 m long (Lucas, 1988), it would be 
difficult to miss them on Singaporeʼs narrow and compacted reef crest and 
slopes which are monitored for various purposes by local marine biologists 
(e.g. Tun, 2012). As the last known record is from 1866 (Daily Telegraph, 
1914), T. gigas can be assigned the national status of “presumably nationally 
extinct” (i.e. not having been found alive for more than 50 years in 
Singapore)(Davison, 2008: p. 3). 








Figure 6.1. An image from 
Whymper (1883) with the 
captions – “The Great Oyster 
from Singapore (Tridacna 
gigas).” “This is the finest 
known specimen, and to it the 
Jury awarded a diploma at the 
Fisheries Exhibition. Its weight 
is 3 cwt. 3 qrs. 14 lbs.; its 
length 3 ft. 4 in.; and its 
breadth 2 ft.; 2 in.” (Source of 
this public domain image: 




Hippopus hippopus. — Hippopus hippopus (Fig. 6.2) was documented by 
various authors between 1847 and 1963 (Neo & Todd, 2012b), with the last 
sightings of live individuals in 1963 at Tanjong Teritip (Lee, 1966). However, 
Tanjong Teritip (in the west of Singapore Island) has since been reclaimed, 
built on, and is now Tuas. Purchon & Enoch (1954), Lee (1966), and Dawson 
& Philipson (1989) mentioned that H. hippopus individuals were generally rare 
on local reefs but provided no actual numbers. Known to the local Malay 
fishers as ʻSiput lupatʼ (Chuang, 1961), H. hippopus was traditionally 
harvested as food (Harrison & Tham, 1973; Chou, 1984). Recent surveys 
(Guest et al., 2008; Neo & Todd, 2012a) found no live individuals. Similarly, 
none were seen outside of survey areas and there have been no anecdotal 
reports. Dead specimens, however, can still be found on Singaporeʼs reef 
flats (Neo & Todd, 2012a, 2012b). The natural rarity of H. hippopus on local 
reefs, coupled with harvesting activities, has probably resulted in their 
extirpation (Neo & Todd, 2012b). In 2013, H. hippopus reached the 50-year 
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no-sighting criterion for the category of national extinction (Davison, 2008: p. 
3). Hence, the status of H. hippopus in Singapore should be reclassified from 




Figure 6.2. Hippopus hippopus specimens, Singapore. A) Shell length (SL) = 7.5 cm, 
collected from Pulau Pawai in 1933 (ZRC1975.8.1.1, Raffles Museum of Biodiversity 
Research); B) SL = 15.2 cm, collected from Cyrene reefs on 18 Nov.2009; C) SL = 
32.1 cm, photographed on 2 May.2010 at Terumbu Raya. (Photographs by: Neo Mei 
Lin [A, B] and Loh Kok Sheng [C]) 
 
Tridacna maxima. — Even though present in Singapore from at least the 
14th century (Neo & Todd, 2012b), there is no mention of T. maxima in either 
edition of the Singapore Red Data Book. Exploitation of T. maxima in 
Singapore is not discussed in any of the published literature. Despite the 
extensiveness of the surveys by Guest et al. (2008) and Neo & Todd (2012a), 
only a single T. maxima individual was found (at Raffles Lighthouse; Guest et 
al., 2008). Another live specimen (Fig. 6.3), a mature adult with a shell length 
of 25 cm, was later discovered on the patch reefs of Terumbu Bemban in 
Apr.2011 (pers. obs.). The poorly consolidated substratum on Singaporeʼs 
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reefs (Tun, 2012) may explain the lack of T. maxima, as they partially burrow 
into coral heads for anchorage (Rosewater, 1965). As Singaporeʼs seascape 
has changed considerably over the decades, with many reef flats reclaimed in 
their entirety (Neo & Todd, 2012b; Tun, 2012), T. maxima is threatened by the 
lack of suitably large surfaces to accommodate its burrowing behaviour. This 
species was not previously included in the two Singapore Red Data Book 
editions, but it clearly should be. Given that live specimens can only be found 
locally in extremely low numbers, we propose the Singapore national status 




Figure 6.3. The recently discovered Tridacna maxima individual on Terumbu 
Bemban. SL = 25.0 cm. (Photographs by: Toh Chay Hoon on 23 Apr.2011 [A] and 
Ria Tan on 12 Apr.2012 [B]) 
 
Tridacna crocea. — Based on archaeological finds, the smallest giant clam 
species, T. crocea (Fig. 6.4) has been in Singapore from at least the 14th 
century to the present day (Neo & Todd, 2012b). Similar to T. maxima, T. 
crocea harvesting has never been documented, possibly because they are 
generally completely embedded in the substratum (Hamner & Jones, 1976). 
Contemporary reefs in Singapore are characterised by loose and soft 
substrates (Tun, 2012) that are not well suited to T. croceaʼs burrowing 
behaviour and renders them vulnerable to wave and tide action (Hamner, 
1978). Surveys in 2009/2010 put their density at a low 0.035 per 100 m2 (Neo 
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& Todd, 2012a) compared to 0.07 per 100 m2 in 2003 (Guest et al., 2008). 
These numbers may be conservative as its burrowing behaviour (Hamner & 
Jones, 1976) and cryptic colouration (Todd et al., 2009) can lead to 
underestimates of abundance. Nevertheless, even if missed individuals 
doubled the density, the population size would still be very small (Guest et al., 
2008; Neo & Todd, 2012a). We therefore suggest that the status of T. crocea 




Figure 6.4. Tridacna crocea specimens, Singapore. A) SL = 15.0 cm, photographed 
on 13 Nov.2012 at Pulau Semakau; B) SL = 14.0 cm, photographed on 11 May.2012 
at Terumbu Pempang Laut; C) SL = 15.0 cm, photographed on 10 Nov.2009 at 
Raffles Lighthouse (Photographs by: Loh Kok Sheng [A] and Neo Mei Lin [B, C]) 
 
Tridacna squamosa. — The largest extant giant clam species in Singapore 
is T. squamosa (Fig. 6.5). Historical records have shown its presence from 
the 14th century (Neo & Todd, 2012b) and it is the most studied of the local 
species (e.g. Huang et al., 2007; Ling et al., 2008; Neo & Todd, 2011a). Chou 
et al. (1994) considered habitat degradation as well as exploitation for food 
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and curios as threats to T. squamosa populations in Singapore. Tridacna 
squamosa was traditionally known to Malay fishers as ʻSiput kimaʼ (Chuang, 
1961; Purchon & Purchon, 1981) and specimens were frequently harvested 
as food (Harrison & Tham, 1973). Unlike the burrowing T. crocea, the larger 
and free-living T. squamosa are easier to remove from the reef (Neo & Todd, 
2012a). With the reduction in subsistence fishing in the late 1960s, coastal 
development became the next major threat, depleting natural habitats for all 
giant clam species in Singapore (Lee, 1966; Chou, 1999). Bleaching due to 
elevated temperatures can also negatively impact giant clams (Leggat et al., 
2003; Sangmanee et al., 2010) and during the high sea surface temperature 
event in Jun.2010, local bleaching of T. squamosa was observed (per. obs.). 
The most recent survey (Neo & Todd, 2012a) estimates T. squamosa density 
to be 0.032 per 100 m2, i.e. five times lower than the 0.16 per 100 m2 
measured in 2003 (Guest et al., 2008). Owing to their low numbers and 
scattered distribution, the population of T. squamosa in Singapore is quite 
possibly functionally extinct (Guest et al., 2008). Hence, the national status for 





Figure 6.5. Tridacna squamosa specimens, Singapore. A) SL = 36.0 cm, 
photographed on 30 May.2010 at Pulau Berkas; B) SL = 24.3 cm, photographed on 2 
May.2010 at Terumbu Raya. (Photographs by: Neo Mei Lin) 
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6.4. Conclusions 
The two editions of the Singapore Red Data Book (Ng & Wee, 1994; Davison 
et al., 2008) serve as a foundation for understanding local biodiversity and 
have been cited in numerous research papers and technical reports. 
Accurately assessing a speciesʼ status, however, becomes difficult when 
there is a paucity of population and ecological data. The present paper 
revises the classifications for giant clam species in Singapore (Table 6.3) 
using past literature and, critically, the results of two major surveys conducted 
over the last 10 years. It is important to note that the global statuses (see 
Table 6.1) of giant clams differs from those of Singaporeʼs, demonstrating 
how the IUCN global status does not necessarily reflect the local situation. 
For example, while T. gigas is “vulnerable” in general, they were extirpated 
from Singapore many decades ago. Localised classifications, such as those 
in the Singapore Red Data book editions, provide a more nuanced status and 
are therefore of greater value when planning conservation strategies. 
 
Table 6.3. Proposed revised classifications for Singaporeʼs giant clam species. 1Ng & 
Wee (1994) Singapore Red Data Book 1st edition. 2Davison et al. (2008) Singapore 










Tridacna gigas 1866 — Presumably Nationally Extinct 
Hippopus hippopus 1963 Endangered1 Presumably Nationally Extinct 
Tridacna maxima Extant — Critically Endangered (Category D) 
Tridacna crocea Extant Endangered1 Endangered (Category D) 
Tridacna squamosa Extant Endangered1,2 Critically Endangered (Category C.1.) 
 
Our reassessment shows all giant clam species are highly threatened on 
Singaporeʼs reefs, with T. gigas and H. hippopus locally extinct and T. 
maxima, T. crocea, and T. squamosa only present in very low numbers. The 
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latter three species are probably already functionally extinct as they are 
reproductively isolated and unlikely to fertilise conspecifics. While the results 
of recent surveys and studies present a rather bleak picture of giant clam 
numbers and the potential to recover naturally, ongoing restocking efforts aim 
to repopulate Singaporeʼs reefs with cultured individuals of T. squamosa. 
Supporting research efforts have examined larval biology of T. squamosa to 
enhance survivorship (Neo et al., 2011) and modelled connectivity patterns to 
identify transplant sites (Neo & Todd, 2012a; Neo et al., 2013a). As 
Singaporeʼs reef environments continue to change as a result of economic 
development, active management of the remaining giant clam species is 
necessary to prevent their extirpation. With commitment (and some luck), 
they might yet have a chance to thrive again. 
 










PART III – LARVAL 
ECOLOGY STUDIES ON 
THE FLUTED GIANT CLAM, 
TRIDACNA SQUAMOSA 
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CHAPTER 7. SPAWNING INDUCTION AND LARVAL DEVELOPMENT 
IN THE FLUTED GIANT CLAM, TRIDACNA SQUAMOSA (BIVALVIA: 
TRIDACNIDAE)6 
7.1. Introduction 
Giant clams live in the warm shallow waters of coral reefs in the South Pacific 
and Indian Ocean (Rosewater, 1965; Carpenter & Niem, 1998). Their life 
history is bipartite, i.e. the adult is sedentary while the larvae are dispersed by 
currents (Scheltema, 1988). Larval dispersal, at least partly, explains their 
widespread distribution (bin Othman et al., 2010). Giant clams are highly 
fecund simultaneous hermaphrodites (but, unlike other hermaphroditic 
bivalves, they first spawn sperm then eggs) potentially releasing millions of 
gametes at each spawning (Lucas, 1994). Such fecundity may not translate 
into fertilisation success and natural recruitment of juveniles is often very low 
(Gomez et al., 2000; Guest et al., 2008). 
 
Giant clams have been cultured for decades, yet little research has described 
their reproductive development and life history. Previous studies have been 
concerned primarily with mariculture, especially nutrition, physiology, and 
growth rates (e.g. Jameson, 1976; Copland & Lucas, 1988; Klumpp & Lucas, 
1994). However, early life information on the fluted giant clam (Tridacna 
squamosa) is limited (e.g. LaBarbera, 1974, 1975; Tan & Yasin, 2001). Here 
we attempt to fill this knowledge gap by describing the spawning, fertilisation, 
and larval development of T. squamosa. 
                                                
6 This section has been published in Neo, M.L., P.A. Todd, L.M. Chou & S.L-M. Teo, 2011. 
Spawning induction and larval development in the fluted giant clam, Tridacna squamosa 
(Bivalvia: Tridacnidae). Nature in Singapore, 4: 157–161. 
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7.2. Materials and methods 
Spawning induction. – The flow through aquarium system at the Tropical 
Marine Science Institute (TMSI) on Pulau Sakijang Bendera (= St. Johnʼs 
Island; 1°13´N, 103°50´E), Singapore, was used for spawning and 
experiments. Mature T. squamosa brood stock (n = 30) was removed from a 
local reef (Raffles Lighthouse; 1°09´N, 103°44´E) and each clam was 
maintained in its own tank (length = 1.0 m, width = 1.0 m, depth = 0.7 m) in 
1µm-filtered, UV-treated seawater at ~29.5°C and 30‰ salinity. Six spawning 
trials were conducted between Feb.2007 and Sept.2007. Mature giant clams 
were injected with 2.0 ml of 20µM concentration serotonin solution (crystalline 
5-hydroxytryptamine, creatine sulfate complex, Sigma-Aldrich Pte Ltd, 
Product No. H7752-1G) into the gonads, via the mantle tissue beside the 
excurrent siphon region, to induce spawning (Braley, 1985). Each spawning 
trial comprised of four to five clams induced with serotonin solution and 
observed for spawning; clams were used only once for each conducted trial. 
When the clam released sperm (usually after ~30 mins), the sperm-
suspension was collected in separate 10 l buckets and diluted to give a 
density of ~10,000 sperm ml-1 (as determined from counts using a Neubauer 
haemocytometer). If eggs were released, the egg-suspension was collected 
in a fresh bucket and washed on a 22µm plankton screen. 
 
Spawning of adult clams. – During the period Feb.−Sept.2007, T. 
squamosa spawned on four different occasions when induced with serotonin 
solution: 7 Mar., 18 Jul., 14 and 28 Aug.2007. There was only one observed 
ex situ spontaneous spawning on 24 Aug.2007, where only one clam 
spawned eggs. A 300 mm shell length adult was observed to produce 
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~660,000 eggs during a single spawning. 
 
Effect of egg-sperm ratios on fertilisation success. – The effect of four 
different egg-sperm ratios on fertilisation success was determined using 
sperm and eggs collected in an induction spawning. The initial sperm 
concentration was ~10,000 sperm ml-1 and the egg concentration was ~22 
eggs ml-1. To each of eight 1000 ml beakers, ~11,000 eggs and different 
dilutions of sperm-suspension were added to give two replicates of each of 
the following egg-sperm ratios: 1:50, 1:100, 1:200, and 1:500. The total 
volume in each beaker was 800 ml (density of larvae = 13.75 ml-1). After 3 h 
and 24 h, two 5 ml samples were collected using a pipette (after thorough 
agitation). At 3 h, the numbers of fertilised eggs and non-fertilised eggs were 
counted. Fertilised eggs were identified by active cell division into a blastula 
cell mass, while undeveloped embryos were identified by no cell division. At 
24 h, the numbers of live and dead trochophores present were counted. All 
larvae types were counted on a Bogorov tray under a stereomicroscope. 
 
Rearing of larvae. –  Developing embryos and trochophores (from 1:50 egg-
sperm ratios) were stocked in ʻfunnelʼ tanks, (diameter = 0.5 m, depth = 1.1 
m) filled with 1µm-filtered, UV-treated seawater. By day 3, larvae were fed 
with a mix of Tetraselmis suecica (CS–187) and Chaetoceros mulleri (CS–
176) at cell density of 10,000 ml-1. Only algae cells in the logarithmic phase of 
growth were used. Feeding continued from day 3 to day 6, except during 
zooxanthellae inoculation that was performed on day 5. Zooxanthellae were 
extracted from a piece of mantle biopsy by homogenising the tissue to 
release the cells. After 4 to 6 h of feeding, daily water exchange using 1µm-
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filtered, UV-treated seawater was performed to reduce the risk of bacterial 
infection or contamination. On day 7, clam larvae were introduced into the 
settlement tank as recommended by Ellis (1998). 
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7.3. Results and discussion 
Previous research on giant clams has focused on their growth and survival in 
mariculture (Beckvar, 1981; Heslinga et al., 1984). Even though giant clams 
release large amounts of gametes at each spawning; they experience high 
larval mortality before complete metamorphosis (Alcazar & Solis, 1986; Ellis, 
1998). Part of this mortality may be due to non-optimal egg-sperm ratios, and 
this is examined here. We present a descriptive overview of fertilisation ratios 
and early development of T. squamosa embryos. Some later juvenile stages 




Figure 7.1. Effect of egg-sperm ratios on the mean number of Tridacna squamosa 
embryos at 3 h and trochophores at 24 h. Error bars indicate standard error. 
 
Effect of egg-sperm ratios on fertilisation success. – In this experiment, 
embryo survival (i.e. fertilisation success) was almost similar for ratios 1:50, 
1:100, and 1:200 but, after 24 h, almost all trochophores reared at 1:200 and 
1:500 egg-sperm ratios died (Fig. 7.1). After 3 h, fertilisation ratios at 1:50, 
1:100, and 1:200 treatments had higher percentages of survival in embryos 
(53.8%, 56.4%, and 54.6%, respectively) than in the 1:500 (22.2%). For 
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development to trochophores (sampled at 24 h), the overall percentage of live 
larvae observed after 24 h of development was 20% in the 1:50 compared to 
5.09%, 1.82%, and 0.00% in 1:100, 1:200, and 1:500 treatments, 
respectively. 
 
Fertilised eggs developed into the two- or four-cell stage within the first three 
h of fertilisation (Fig. 7.2a). Although the egg-sperm ratio was controlled, 
polyspermy was evident where eggs were penetrated by large numbers of 
sperm causing fertilised eggs to cease cell division or malformed embryos 
(Fig. 7.2b). This phenomenon has been reported previously in giant clams 
(Braley, 1992) and this condition can cause cell death or abnormal embryonic 
development (Levitan, 2006). Excess sperm in the water column can also 
contribute to bacterial fouling and reduction of oxygen levels (Alcazar & Solis, 
1986; Oliver & Babcock, 1992), providing an unhealthy environment for 
larvae. On the coral reefs, the number of giant clam sperm would normally be 
greatly diluted in the surrounding waters⎯reducing likelihoods of polyspermy. 
In addition, spawning of sperm first followed by the release of female gametes 
may be an adaptation to ensure that competition between sperm (quality) for 








Figure 7.2. Embryos were produced from spawning on 14 Aug.2007, 1600 h. a) 
Unequal four-cell stage of Tridacna squamosa embryo showing three smaller and 
one larger blastomere; b) Tridacna squamosa eggs surrounded by a large number of 
sperm resulting in polyspermy. 
 
When rearing giant clams ex situ, conditions need to be controlled to enhance 
larval development. The effects of sperm concentration affected the overall 
survivorship in trochophores suggesting that, of the tested ratios, 1:50 is the 
most suitable fertilisation ratio as it resulted in the highest mean number of 
live T. squamosa larvae overall (i.e. embryos and trochophores). In other 
molluscs, such as surf clams, Spisula solidissima (Dillwyn, 1817), and 
mussels, Mytilus galloprovincialis Lamarck, 1819, successful fertilisation has 
been reported for egg-sperm ratios of between 1:50 and 1:100 (Dufresne-
Dubé et al., 1983; Clotteau & Dubé, 1993). 
 
Larval development. – Larvae produced using 1:50 egg-sperm ratio showed 
healthy cell divisions after approximately 3 to 4 h. Trochophores were first 
observed swimming on their axis after 24 h (Fig. 7.3a) and fully developed 
straight-hinge D-veliger larvae were first observed approximately 5 h after 
trochophores (Fig. 7.3b). Veligers were actively swimming and feeding within 
the water column (Fig. 7.3b). 




Figure 7.3. Embryonic development in Tridacna squamosa. (a) 1-day old trochophore 
spinning in the water column (shell length; SL = 100 µm); (b) 2-days old straight-
hinge veliger feeding on microalgae (SL = 150 µm); (c) 7-days old pediveliger 
showing foot extension (SL = 220 µm); (d) 18-days old juvenile (SL = 600 µm). 
 
Higher mortality occurred after the introduction of feed (including 
zooxanthellae inoculation); bacterial proliferation was observed, and dead 
veligers exuded internal granular material (Fig. 7.4). By day 5 to 6, veligers 
became less active (i.e. less swimming) and were observed to rest on the 
substratum (Fig. 7.3c). Seven-days old larvae began to crawl along the 
substratum using their ciliated foot (Fig. 7.3d), and settled onto the substrate 
by the eighth day (Neo et al., 2009). Further development of juvenile T. 
squamosa: from translucent shell (Fig. 7.5a), to fully opaque shell 
development after 58 days (Fig. 7.5b), and finally pigmentation and scute 
development observed after 64 days (Figs. 7.5c and 7.5d). 
 
 




Figure 7.4. Signs of infection and mortality in 5-days old Tridacna squamosa veligers: 
(a) Filamentous bacteria (circled); (b) internal granular material (circled) burst outside 




Figure 7.5. Morphogenesis of juvenile Tridacna squamosa: (a) 1-month old at shell 
length (SL) = 1200 µm; (b) 2-months old at SL = 2000 µm exhibiting pigmented 
mantle; (c) 2.5-months old at SL = 6000 µm exhibiting pigmented mantle; (d) juvenile 
outer shells exhibiting scutes (fingernail-like projections). 
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CHAPTER 8. THE EFFECTS OF DIET, TEMPERATURE, AND SALINITY 
ON SURVIVAL OF LARVAE OF THE FLUTED GIANT CLAM, TRIDACNA 
SQUAMOSA7 
8.1. Introduction 
Giant clams (Bivalvia: Tridacninae) are found in the shallow coral reefs of the 
Indo-Pacific. They possess filter-feeding gills but also obtain nutrition 
supplements from photosynthetic products produced by zooxanthellae 
(Symbiodinium sp.) embedded within their mantle tissues (Fitt, 1988). Giant 
clams are protandric hermaphrodites (Rosewater, 1965; Ellis, 1998) but, 
unlike other hermaphroditic bivalves, they first spawn sperm then eggs. 
Previous investigations of larval ecology in giant clams have focused primarily 
on rearing of the larvae for mariculture (e.g. Jameson, 1976; Heslinga et al., 
1984; Copland & Lucas, 1988) as well as related topics such as nutritional 
ecology, growth rates, and physiology of the larvae and juveniles (e.g. Fitt & 
Trench, 1981; Crawford et al., 1986; Klumpp & Lucas, 1994; Elfwing et al., 
2003). Most of these examined Tridacna gigas, T. terovoa, T. derasa, T. 
maxima, and Hippopus hippopus, whereas T. squamosa remains relatively 
poorly studied. LaBarbera (1974, 1975), Beckvar (1981), Fitt & Trench (1981), 
and Foyle et al. (1997) have described the spawning, early post-larval 
development, calcification of larval shell, and acquisition of zooxanthellae in 
T. squamosa. However, for this species, there is very little information 
available on the optimal conditions for fertilisation success and efficacy of 
different micro-algal feeds. 
 
                                                
7 This section is currently in press as Neo, M.L., P.A. Todd, S.L-M. Teo & L.M. Chou, 2013. 
The effects of diet, temperature and salinity on survival of larvae of the fluted giant clam, 
Tridacna squamosa. Journal of Conchology, 41(3): 369–376.  
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In many parts of Southeast Asia, giant clams are an important commercial 
food source; they also play a range of ecological roles, for instance, by acting 
as nurseries and refugia to various other reef organisms (Mingoa-Licuanan & 
Gomez, 2002). Over the last few decades, traditional harvesting practices and 
degradation of their natural environments due to destructive fishing practices 
have led to a decline in wild giant clam numbers (Mingoa-Licuanan & Gomez, 
2002; Tan & Yasin, 2003). To satisfy the commercial market, as well as to 
replenish depleted natural stocks, numerous mariculture research and 
restoration projects are presently operating in the Indo-Pacific region (e.g. 
Heslinga et al., 1984; Crawford et al., 1986). In Bolinao, Philippines, for 
instance, there exists an extremely successful T. gigas mariculture 
programme that provides giant clams for both trade and conservation efforts 
(Alcala & Alcazar, 1987; Gomez & Mingoa-Licuanan, 2006). 
 
Coral reefs in Singapore used to host five species of giant clams, i.e. T. gigas, 
T. squamosa, T. maxima, T. crocea, and H. hippopus (Neo & Todd, 2012b) 
but recent surveys indicate that H. hippopus and T. gigas are now absent and 
T. maxima is locally functionally extinct (Guest et al., 2008; Neo & Todd, 
2012a). This present status can be attributed to massive coastal development 
and reclamation projects that have resulted in the destruction or degradation 
of many coral reefs in Singapore (Hilton & Manning, 1995; Chou, 1996). 
Tridacna squamosa is one of the more common species, yet even these are 
found only at very low densities and are concentrated on just one reef (Guest 
et al., 2008). In order to prevent further decline of this iconic invertebrate 
there exists an ongoing T. squamosa restocking effort that involves ex situ 
spawning and rearing of young clams. To enhance the mariculture aspect of 
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this programme, we examined: (i) the effect of feeding micro-algae on veliger 
larval survival and (ii) the combined effects of temperature and salinity on 
fertilisation of embryos and trochophores. 
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8.2. Materials and methods 
Spawnings were conducted at the Tropical Marine Science Institute (TMSI) on 
St Johnʼs Island (1°13´N, 103°50´E), Singapore. Mature T. squamosa brood 
stock was removed from a local reef (Raffles Lighthouse; 1°09ʹ′N, 103°44ʹ′E) 
located 13.7 km southwest of St Johnʼs Island. One-meter wide square tanks 
(depth = 0.7 m) were used for spawning; these were located in a large 
naturally-lit shed and were supplied with 1µm-filtered, UV-treated seawater 
with a temperature of ~22.5°C and salinity of 30‰. Two different sets of 
clams were spawned on two different occasions: 14 Aug.2007 (for the feeding 
study) and 29 Aug.2007 (for the temperature × salinity study); four clams the 
first time and five the second time. For both spawnings, the mature giant 
clams were induced by injecting 2.0 ml of 20µM concentration serotonin 
solution (crystalline 5-hydroxytryptamine, creatine sulfate complex, Sigma-
Aldrich Pte Ltd, Product No. H7752-1G) into the gonads via the mantle tissue 
beside the excurrent siphon region (Braley, 1985). When each clam released 
sperm (after ~30 mins), the sperm-suspension was collected in separate 10 l 
buckets and diluted to give a density of ~10,000 sperm ml-1 (as determined 
from counts using a Neubauer haemocytometer). Each clam was then rinsed 
by transferring them among a series of tanks containing clean seawater. 
When eggs were released, the egg-suspension was collected in a fresh 
bucket. The unfertilised eggs were then washed on a 22µm plankton screen. 
Density was approximately 22 eggs ml-1 for the first spawning and 14 eggs 
ml-1 for the second spawning (as determined from counts using a Bogorov 
tray). 
 
Effect of micro-algal diets on larvae survival. – Prior to the feeding trials, 
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fertilisation of eggs and sperm took place in funnel tanks, i.e. cylindrical tanks 
with conical bottoms (diameter = 0.5 m, depth = 1.1 m). An egg-sperm ratio of 
1:50 was used for fertilisation as this is known to reduce polyspermy (Neo et 
al., 2011). Four funnel tanks were each filled with 200 l of 1μm-filtered UV-
treated seawater, 10 l of egg suspension (~220,000 eggs) and 1.1 l of sperm 
suspension (10,000 sperm ml-1). The resultant suspension of eggs and sperm 
was observed under an inverted microscope for signs of healthy cell divisions, 
which occurred after approximately 3 to 4 h. The developing embryos were 
left in the same tanks under a 12:12 h light/dark lighting regime with gentle 
aeration provided through air stones. To remove dead embryos, larvae were 
washed daily through 300µm sieves with 1µm-filtered, UV-treated seawater. 
 
Four feeding diet treatments (microalgae originating from the CSIRO 
collection) were prepared: Tetraselmis suecica (CS-187); Chaetoceros mulleri 
(CS-176); 1:1 v/v T. suecica + C. mulleri; and 1:1 v/v T. suecica + C. mulleri + 
yeast (Saccharomyces cerevisiae). For a period of three days prior to the 
experiment the microalgae were cultured in 1000 ml flasks using algal culture 
media (Braley, 1992: p. 64) at ~22.6 °C under a 12:12 h light/dark lighting 
regime with gentle aeration provided through glass Pasteur pipettes (1 mm 
apertures). For all treatments, the concentration of each treatment was 
maintained at ~10,000 cells ml-1 (Fitt et al., 1984) and only algae cultures in 
the logarithmic phase of growth were used. An over-abundance of food was 
provided, i.e. although the biomass was different among the feed types, there 
was always enough to satiate the larvae (Fitt et al., 1984). Prior to each 
feeding, algae suspensions were filtered with a 50µm plankton screen to 
remove cell clumps, counted using a Neubauer haemocytometer, and diluted 
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to the required density in a 1000 ml solution. Yeast (0.1 mg) was first 
dissolved in 100 ml of deionized water and then 20 ml of the mixture was 
added to the 1000 ml of diet feed. To each 1000 ml beaker, 300 ml of feed 
suspension was added, and the total volume was made up to 800 ml with 
1µm-filtered seawater and gently aerated. 
 
From the larvae stock stored in the funnel tanks, healthy 4-days old veliger 
larvae were filtered out using a 50µm plankton screen washed with 1µm-
filtered seawater. In each of twelve 800 ml beakers, 400 veligers (culture 
density = 8 veligers per 10 ml) were added before being fed one of the four 
diets (× three replicates each = 12 beakers). After 24 h, seawater was 
changed and 300 ml of zooxanthellae (Symbiodinium sp. at ~10,000 cells ml-
1) mixture was introduced so the cells could become established in the guts of 
the veligers (Fitt, 1988). Zooxanthellae were extracted from a piece (400 
mm2) of an adult clamʼs mantle by homogenising the tissue in a blender to 
release the cells; the mixture was then filtered using a 50µm plankton screen 
and washed with 1µm-filtered seawater. After another 12 h, seawater was 
exchanged and the veligers again were fed with 300 ml of the treatment diets. 
Two samples of 10 ml from each beaker were taken (after thorough agitation) 
after 24 h (immediately before the introduction of zooxanthellae), 36 h 
(immediately before being fed), and 48 h. Healthy veligers were counted. 
 
The combined effect of temperature and salinity on the fertilisation of 
embryos. – A 2 × 2 experiment design was used to test the combined effects 
of temperature (~22.5°C and ~29.5°C) and salinity (27‰ and 30‰) on 
fertilisation. Five replicates of each of the four treatments were prepared. 
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Different salinities were achieved by diluting 30‰, 1µm UV-filtered seawater 
with deionized water; these were then maintained within ± 1‰ of the desired 
levels. An egg-sperm ratio of 1:50 was also used here: 70 µl of sperm-
suspension (containing ~10,000 sperm ml-1) was added to 300 ml egg-
suspension (with ~14 eggs ml-1) in 500 ml flasks and gently mixed. The flasks 
were placed in indoor facilities with combined natural and artificial lighting. 
Ambient air temperatures were recorded continuously throughout the 
experiments at 5 mins intervals with temperature loggers (32K Waterproof 
StowAway TidbiT temperature loggers; ONSET Computer Corporation) 
placed near the flasks. The 22.6°C (±0.2°C) flasks were kept at ambient 
temperature in an air-conditioned indoor facility whereas the 29.3°C (±0.3°C) 
flasks were maintained at ambient temperature in a non-air-conditioned 
facility. After 3 h and 24 h, two samples of 2 ml from each flask were 
extracted (after thorough agitation). The numbers of fertilised eggs, 
undeveloped embryos, live and dead trochophores were counted. 
 
Data analyses. – A two-factor repeated measures ANOVA was used to test 
the effect of micro-algal diets on the survival of larvae with time. Two-factor 
ANOVA and post-hoc Tukey HSD tests were used to determine the combined 
effects of temperature and salinity on survivorship of embryos and 
trochophores. All data fulfilled assumptions of normality, sphericity, and 
homogeneity of variances except those for the micro-algal diets, which failed 
the sphericity test. In this case, the adjusted univariate H-F Epsilon statistic 
was used. Statistical analyses were conducted on JMP IN 5.1, STATISTICA 
5.0 (Stat-Soft), and GMAV 5. 
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8.3. Results  
Effect of micro-algal diets on larvae survival. – Straight-hinge D-veliger 
larvae were observed from 24 h to 40 h after fertilisation. It was noted that 
higher mortality occurred after the introduction of feeds (including 
zooxanthellae inoculation); bacterial proliferation was observed and the 
veligers exuded internal granular material (Neo et al., 2011). Two-factor, 
repeated measures ANOVA indicated significant differences among the 
micro-algal diets and among the times of feeding, but the interaction between 
time and diet was also significant (Table 8.1). Tetraselmis suecica + C. 
mulleri + yeast diet resulted in the greatest survival of T. squamosa veligers 
at 24 h compared to all other diet treatments (Fig. 8.1). Overall, 85.42% of 
larvae survived after 24 h when provided with T. suecica + C. mulleri + yeast 
diet. After 36 h and 48 h of feeding, however, Tukey HSD showed no 
significant differences among diets on the mean number of live larvae. 
 
Table 8.1. Two-factor, repeated measures analysis of variance comparing mean 
numbers of live Tridacna squamosa larvae among the four micro-algal diet treatments 
and time (n = 3). 
 
Source of Variation Effect df MS F ratio p 
Diets Among diets 3 0.1374 6.1640 0.01781 
Time Among times 2 0.1876 4.1490 0.03535 








Figure 8.1. Effects of diet treatments on mean number of live Tridacna squamosa 
larvae at 24 h, 36 h, and 48 h. Error bars indicate standard error. Treatments that are 
significantly different (Tukey HSD test; P<0.05) are indicated by black circles linked 
by horizontal lines. T = Tetraselmis suecica (CS-187). C = Chaetoceros mulleri (CS-
176). 
 
The combined effects of temperature and salinity on the fertilisation of 
embryos. – Temperature had a significant effect on the survivorship of live 
embryos and trochophores, whereas salinity had no effect at either larval 
stage (Table 8.2). There were significantly more embryos after 3 h at ~29.5°C 
compared to ~22.5°C (Fig. 8.2); after 3 h at ~29.5°C the fertilisation success 
at salinity 27‰ and 30‰ was 88.6% and 99.3% survival respectively, 
compared to 61.4% and 58.6% after 3 h at ~22.5°C. Conversely, more 
trochophores (after 24 h) were found in the ~22.5°C treatments compared to 
~29.5°C. That is, after 24 h at ~29.5°C the percentage survival in 27‰ and 
30‰ salinity was 13.9% and 3.6%, respectively, compared to 46.8% and 
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Table 8.2. Two-factor analysis of variance test comparing mean number of Tridacna 
squamosa embryos (a) and trochophores (b) among the temperature (n = 2) and 
salinity (n = 2) treatments. 
 
Source of Variation df MS F p 
(a) Development of Embryos 
Temperature 1 112.8125 19.7754 0.0005 
Salinity 1 1.5125 0.2651 0.6137 
Temperature × Salinity 1 4.5125 0.7910 0.3870 
Residual 16 5.7047   
Cochranʼs test: C = 0.5294 
 
(b) Development of Trochophores 
Temperature 1 1.3528 28.5254 0.0001 
Salinity 1 0.1769 3.7307 0.0713 
Temperature × Salinity 1 0.0012 0.0248 0.8769 
Residual 16 0.0474   




Figure 8.2. Effects of combined temperatures and salinities on the mean number of 
Tridacna squamosa embryos at 3 h and trochophores at 24 h. Error bars indicate 
standard error. Treatments that are significantly different (Tukey HSD test; P<0.05) 
are indicated by black circles linked by horizontal lines. 
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8.4. Discussion 
Most previous research on giant clams has focused on their growth and 
survival in mariculture (Beckvar, 1981; Heslinga et al., 1984) and farming of 
giant clams for restocking or trade is often successful (Lucas, 1994). 
Nevertheless, even though clams release huge numbers of gametes at each 
spawning, they experience high larval mortality before completing 
metamorphosis (Alcazar & Solis, 1986; Ellis, 1998). The present study 
provides new data on the conditions required for successful fertilisation and 
early development of T. squamosa embryos and other larval stages. This 
information should help ensure greater survival and a higher proportion of 
healthy T. squamosa larvae for mariculture applications. 
 
Feeding is known to affect the survival of bivalve larvae (e.g. Milke et al., 
2006; Gouda et al., 2006). Algal strains used previously in giant clam 
aquaculture, i.e. Isochrysis galbana, C. mulleri, and Tetraselmis sp. (Fitt et al., 
1984; Estacion et al., 1986) have enhanced larval survivorship in the species 
tested compared to unfed larvae (Ellis, 1998). Fitt et al. (1984) concurred that 
unfed veligers demonstrated initial high growth rates during the veliger stage, 
after which growth rates declined to zero and mortality increased markedly. In 
contrast, fed veligers provided with particulate food had significantly higher 
survivorship and lower mortality than controls. Here, we tested C. mulleri (CS-
176), T. suecica (CS-187), and yeast. Yeast was used as a nutritional 
supplement for the overall diet treatment as it usually contains a higher level 
of quality protein compared to micro-algae, but lacks the polyunsaturated fatty 
acids (Robert & Trintignac, 1997; Brown et al., 1996). It has been used in 
other bivalve rearing, such as hard clam, Mercenaria mercenaria aquaculture 
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(Coutteau et al., 1994; Brown et al., 1996). For giant clams in general, the 
developmental stage is very short, i.e. just seven days before settlement; 
therefore the veligers were evaluated for only a short period of time (two 
days). Furthermore, as larvae develop and metamorphose, they acquire 
zooxanthellae and changes in nutritional requirements are expected (Boidron-
Métairon, 1995). For example, findings from Grice & Bell (1998) indicated that 
ammonium input prior to 5 mm size resulted in negative growth of giant clams, 
but increased growth of clams in their later life. In the present study, the 
number of live T. squamosa veliger larvae was significantly greater when fed 
with a mixture of T. suecica + C. mulleri + yeast during the first 24 h; but there 
were no significant effects of diet on live larvae numbers at 36 h and 48 h. 
Earlier work has reported that quantity and quality of micro-algae lipid 
composition are essential in optimising bivalvesʼ larval growth (e.g. Brown, 
2002). The ability of bivalves to synthesise essential fatty acids (e.g. 
eicosapentanoic, EPA, arachidonic, ARA, and docosahexaenoic, DHA, acids) 
is limited; therefore, higher lipid compositions in micro-algal diets are 
associated with faster development of larvae (Soudant et al., 2000). 
 
Generally, bivalves fed with a mixed-algal diet exhibit higher survival rates 
than those fed a uni-algal diet as the former gives a better balance of 
nutrients and mitigates against differences in digestibility (Webb & Chu, 1983; 
Rico-Villa et al., 2006). The size of micro-algae may also affect the ease of 
filtering by bivalve larvae (Boidron-Métairon, 1995), for example, mussel and 
scallop larvae naturally feeding on small (<10µm) phytoplankton (Raby et al., 
1997). Chaetoceros mulleri is characterized by a high proportion of EPA 
(20:5n-3) with low levels of ARA (20:4n-6) and DHA (22:6n-3), and T. suecica 
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is characterised by a lack of DHA and low levels of ARA and EPA (Rivero-
Rodríguez et al., 2007). As yeast contained higher protein levels, the addition 
of yeast enhances nutritional value of the diet (Coutteau et al., 1994; Brown et 
al., 1996). As all three polyunsaturated fatty acids are necessary to improve 
survival of bivalve larvae, the combination of C. mulleri and T. suecica with 
yeast appears to be beneficial for the very early stages of larval development 
and growth in T. squamosa but, beyond 24 h, based on a qualitative 
interpretation of Fig. 8.1, a diet of just C. mulleri and T. suecica may be 
sufficient to increase trochophore survival. 
 
Testing the combined effects of temperature and salinity on survival provides 
a better indication of larval responses to environmental conditions than 
examining their effects separately (Kinne, 1964). We found significant 
differences in T. squamosa larval survival between the two temperature 
regimes tested. During the initial stages of fertilisation at ~29.5°C, the high 
percentage of live embryos could be due to the relatively large proportion of 
successful egg-sperm contacts that can be attributed to the high kinetic 
energies of eggs and sperm, which are temperature-dependent (Styan, 
1998). However, exposure to ~29.5°C resulted in almost total mortality at 24 
h, indicating that the trochophores were less tolerant to high temperatures. 
Raised temperatures are known to improve initial fertilisation process, but 
lower temperature enhances survival. Manipulative studies by Manoj Nair & 
Appukuttan (2003) confirmed that the thermal optimum for Perna viridis larval 
development, growth and survival occurred at 31ºC, but total mortality was 
reported after 24 h exposure to 33ºC and 35ºC. Development of T. squamosa 
trochophores in cultured environments was greater at ~22.5°C, similar to 
M.L. Neo (2013) Giant clams (Subfamily Tridacninae) in Singapore: Past, Present, and Future 
159 
findings of studies on the Asian date mussel, Musculista senhousia 
(Semenikhina et al., 2008). Even though survival rate and development of T. 
gigas larvae are known to decrease with reduced salinities (20‰ and 25‰) 
(Blidberg, 2004), no such pattern was found here as salinity had no significant 
effect on the number of living embryos. However, the survival of trochophores 
was higher at 27‰ than at 30‰, suggesting T. squamosa embryos may have 
some degree of salinity tolerance, but not the trochophores. 
 
Populations of giant clams are declining across the Indo-Pacific (Lucas, 1994) 
and more conservation efforts are necessary to ensure the survival of these 
charismatic animals. Although there have been successful cases of giant 
clam farming (Gomez & Mingoa-Licuanan, 2006), better techniques for 
mariculture can further benefit both commercial and conservation endeavours. 
The findings presented here highlight the importance of providing micro-algal 
diet to improve veliger survivorship, and emphasise the role of temperature in 
enhancing larval initiation and development. In summary, the fertilisation and 
development of T. squamosa can be enhanced by providing a mixed-algal 
diet and ensuring that water temperature is approximately 22.5°C. 
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CHAPTER 9. LARVAL ECOLOGY OF THE FLUTED GIANT CLAM, 
TRIDACNA SQUAMOSA AND ITS POTENTIAL EFFECTS ON LARVAL 
DISPERSAL MODELS8 
9.1. Introduction 
The link between larval dispersal and marine population connectivity has 
been a focus of marine research for decades (reviewed by Levin, 2006; 
Cowen & Sponaugle, 2009). Previous studies highlighted the importance of 
larval supply, transport, and survival in determining adult population dynamics 
(e.g. Lewin, 1986; Roughgarden et al., 1987; Young, 1987). Sessile marine 
invertebrates, in particular, produce planktonic larvae that can remain pelagic 
for minutes to months, sometimes facilitating dispersal over great distances 
(Hadfield & Paul, 2001). Field observations of larval dispersal are inherently 
difficult, hence combined biophysical models (either 2D or 3D) are 
increasingly being used to visualise and quantify larval transport and 
population connectivity (Levin, 2006; Metaxas & Saunders, 2009; Cowen & 
Sponaugle, 2009). The intrinsic advantage of using numerical simulations for 
the study of larval dispersal is the ability to incorporate field data, providing an 
opportunity for more realistic interpretations of spatial and temporal dispersal 
patterns (e.g. Edwards et al., 2007; Fiksen et al., 2007; Bolle et al., 2009). 
Researchers have also inferred “source” and “sink” sites from their models 
(e.g. Lipcius et al., 2008; Tay et al., 2012; Neo et al., 2013a), where sources 
may become optimal restocking areas and sinks targeted for conservation 
(Pulliam, 1988). Understanding source-sink dynamics in restocking and 
restoration of marine populations can also assist in preventing or mitigating 
                                                
8 This chapter is presently being readied for journal submission. 
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potential anthropogenic impacts such as near-shore development (Lipcius et 
al., 2008). 
 
Biophysical modelling of marine invertebrates has advanced rapidly in recent 
years (e.g. Gilbert et al., 2010; Incze et al., 2010; Gallego, 2011), with most 
articles published in the last decade (Metaxas & Saunders, 2009). Regardless 
of the biophysical model type (e.g. Eulerian or Lagrangian), they all typically 
incorporate a suite of physical and biological parameters (see Erftemeijer et 
al., 2009; Tay et al., 2011; Tay et al., 2012). While the physical parameters 
largely determine the hydrodynamic transport functions (Huret et al., 2010; 
van Maren & Gerritsen, 2012), the incorporation of biological factors is equally 
important (reviewed by Metaxas & Saunders, 2009). Fundamental processes 
such as planktonic larval duration (PLD; Shanks, 2009; Gilbert et al., 2010), 
timing of gamete or larval release (Reitzel et al., 2004; Edwards et al., 2007), 
swimming speed (Dekshenieks et al., 1996; Bolle et al., 2009), diel vertical 
migration (Edwards et al., 2007; Dickey-Collas et al., 2009), mortality rates 
(Incze et al., 2010; Neo et al., 2013a), and behaviour (Fiksen et al., 2007; 
Bolle et al., 2009; Neo et al., 2013a) have been included into recent modelling 
studies. Duration of larval period, mortality rates, and larval behaviour, in 
particular, have been shown to significantly affect larval dispersal, settlement 
and recruitment success (reviewed by Metaxas & Saunders, 2009). For 
example, shorter duration of larval stages in marine invertebrates usually 
results in lower predation and thus higher recruitment success (Reitzel et al., 
2004). The selective incorporation of biological characteristics into biophysical 
models of larval transport can substantially enhance their predictive power 
(Metaxas & Saunders, 2009). 
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Recruitment constraints in the fluted giant clam, Tridacna squamosa on 
Singaporeʼs reefs were recently examined using an Eulerian model based on 
the finite-volume method (Neo et al., 2013a). For that modelling study, 
estimates for fluted giant clam larval behaviour, mortality rates, PLD, and 
spawning times were obtained from the mariculture literature (e.g. Wada, 
1954; LaBarbera, 1975; Ellis, 1998; Tan & Yasin, 2001; Neo et al., 2011), 
while data from other bivalve studies were used as a proxy for their assumed 
swimming speed and diel vertical migration. At a relatively broad geographic 
scale (i.e. among islands), spawning times and mortality rates, coupled with 
residual currents, were found to strongly influence the overall recruitment 
success of T. squamosa larvae. While the inclusion and parameterisation of 
these common biological processes are important (Metaxas & Saunders, 
2009), Neo et al. (2013a) demonstrated through sensitivity analyses how 
knowledge gaps such as gamete age and viability could potentially affect 
recruitment predictions at finer (kilometers) geographic scales. 
 
Using T. squamosa as the model organism, the aim of this paper is to 
quantify three hitherto untested aspects of their larval ecology: 1) fertilisation 
success in relation to gamete age, 2) larval swimming speed, and 3) 
settlement competency, and examine the results with respect to biophysical 
model parameterisation. The potential effect of these components and their 
parameterisation on larval transport predictions is discussed. These three 
parameters are critical components of the pre-settlement and post-settlement 
processes that determine the recruitment success of many marine 
invertebrates. Improved understanding and availability of quantitative data for 
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the characterisation of these processes will aid in better management of this 
species (Lamare & Baker, 2001), which continues to face threats of 
overfishing and habitat degradation (Mingoa-Licuanan & Gomez, 2002; Neo & 
Todd, 2012b). 
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9.2. Materials and methods 
Spawning, fertilisation, and rearing of larvae. – Based on data from Neo & 
Toddʼs (2012a) survey, accessible mature T. squamosa (n = 9) were 
collected from the reefs of the Southern Islands, Singapore. As local 
populations are low in abundance, broodstock was mixed with imported 
individuals (n = 18). Spawning was conducted at the Tropical Marine Science 
Institute on St Johnʼs Island (1°13´N, 103°50´E), Singapore. Spawning 
protocols closely followed Mingoa-Licuanan & Gomez (2007), and clams were 
induced to spawn on the following new moon periods: 26 Jan.2012, 27 
Mar.2012, 14 and 15 Aug.2012. Within the first 5 mins of induction, sperm 
were released from individual clams and collected into 1 l containers. Upon 
egg release, the ʻmotherʼ clam was transferred to a new container filled with 
1µm UV-filtered seawater (UV-FSW) to separate the eggs from the sperm 
water. For every litre of egg suspension, 5 ml sperm water (consisting three 
ʻfatherʼ clams) was added for fertilisation (Mingoa-Licuanan & Gomez, 2007). 
Larval cultures were maintained in a large well-ventilated shed at 27.92°C 
(S.E. ±0.01°C) with 1µm UV-FSW exchanges every other day. Larvae were 
fed at days 2, 4, 6, and 8 with 10,000 cells ml-1 of cultured Isochrysis galbana 
and infected at 10,000 cells ml-1 of parental zooxanthellae at days 5, 7, and 9. 
The final phase of spawning was the introduction of larvae into settlement 
tanks. 
 
Combined egg and sperm longevity and viability. – Experiments were 
performed on 26 Jan.2012, 27 Mar.2012, and 15 Aug.2012. Eggs from a 
single ʻmotherʼ clam were used for the testing of combined gamete viability 
from each induced spawning. Only round and mature eggs (Braley, 1988) 
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were chosen for the experiment (mean egg size = 100.27 ± S.E. 0.88 µm). 
For the trial on 26 Jan.2012, nine time points (t = 5, 10, 15, 20, 30, 45, 60, 90, 
180 mins) were tested but subsequent trials were extended to 12 time points 
(t = 0, 5, 10, 15, 20, 30, 45, 60, 120, 240, 360, 480 mins). There were three 
replicates per time point, with each plastic container of 500 ml UV-FSW 
containing ~15,000 eggs that were fertilised individually with sperm water at a 
fertilisation ratio of 1:50 to prevent polyspermy occurrences (Neo et al., 2011). 
Experimental cultures were maintained at 28.30°C (S.E. ±0.04°C), and 
temperatures were monitored continuously throughout the experiment at 30 s 
intervals with a logger (32K StowAway TidbiT temperature logger; ONSET 
Computer Corporation). Each time trial was stopped after 12 h, and the eggs 
were filtered and stored in 96% ethanol. Fertilisation success was assessed 
by examining 500 eggs from each replicate. Using an inverted dissecting 
microscope, eggs were categorised either as fertilised with normal 
development, or as unfertilised. The proportion of fertilised eggs at each time 
point was determined for all three spawning batches. 
 
Swimming speed and behaviour of pelagic larvae. – Horizontal swimming 
rate was defined as the distance travelled by a larva across the water column 
per unit time while actively swimming with its velum. To minimise wall effects 
(see Vogel, 1981; Chia et al., 1984), preliminary experiments were conducted 
for the selection of an appropriately sized experimental chamber. Wall effects 
can be computed using Y > 20v/u, where Y is the distance to the wall, v is the 
kinematic viscosity of seawater, and u is the swimming velocity of larva 
(Vogel, 1981). Based on ten observations of larval motion in chambers of 1.5, 
3.5, and 8.5 cm internal diameter, wall effects were minimised when using the 
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8.5 cm chambers. These were selected and used to perform the experiments. 
Two concurrent trials were initiated, one on the 14 Aug.2012 (swimming rate 
measured on days 2, 4, 6, 8, and 10) and the other on 15 Aug.2012 
(swimming rate measured on days 3, 5, 7, and 9). The experimental setup 
consisted of three replicate dishes (diameter × height; 8.5 × 1.3 cm) filled 25 
ml UV-FSW and stocked with 100 larvae. Ten swimming larvae per dish were 
then haphazardly selected for individual video tracking for at least 20 s under 
a dissecting microscope. Due to high larval mortality (>90%) experienced on 
day 9, only three larvae could be selected per dish for video tracking on that 
day. Using a video processing software, the following parameters were 
calculated for each larva: horizontal distance travelled in time t and larva 
length. Swimming speeds of pelagic larvae were compared against larval age 
and sizes using linear regression analysis. 
 
Protocol for settlement assays. – Settlement competency and behaviour in 
T. squamosa larvae were tested in three separate experiments. Six-days old 
larvae were used at the start of all experiments and each ran for 12 d. 
Cultures were maintained at 27.40°C (S.E. ±0.02°C), and temperatures were 
monitored continuously throughout the experiment at 5 mins intervals with a 
logger (32K StowAway TidbiT temperature logger; ONSET Computer 
Corporation). In all experiments, settlement was considered to have occurred 
when 1) larvae had metamorphosed, i.e. lost the ability to swim and/or 2) 
larvae had attached with byssus to the substrate and could only be dislodged 
when pressure was exerted using forceps. Proportions of swimmers and dead 
larvae were also noted. 
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Larval settlement competency periods. – Twelve T. squamosa larvae 
were introduced into each well of a 12-well plate (NUNCTM). Each well was 
filled with 4 ml of 1µm UV-FSW and a 9 mm2 fresh crustose coralline algae 
(CCA) chip (Courtois de Vicose, 2000; Neo et al., 2009). This procedure was 
repeated every 24 h for 12 d, each time using a new plate. Each well was 
considered an independent replicate (i.e. 12 replicates per time point). 
Proportions of settled, swimmers, and dead larvae in each well were recorded 
under a dissecting microscope at 24 h periods. 
 
Gregarious settlement. – To determine whether competent larvae settle 
more readily when in the presence of conspecifics (Hadfield & Paul, 2001), an 
assay was conducted with densities of 1 versus 12 larvae per well. All 
experimental wells were filled with 4 ml of 1µm UV-FSW and a 9 mm2 fresh 
CCA chip. For the conspecifics treatment, 12 T. squamosa larvae were 
introduced into each of six randomly-selected wells on a 12-well plate, while 
for the single larva treatment, one T. squamosa larva was introduced into 
each well of a 12-well plate, where an individual well plate was considered a 
single replicate (so six plates were used). Here, a well replicate in the 
conspecifics treatment was equivalent to a plate replicate in the single larva 
treatment. This was repeated every 24 h for 12 d, each time using new plates. 
Proportions of settled, swimmers, and dead larvae in each well were recorded 
under a dissecting microscope at 24 h periods. 
 
Settlement in response to fresh and cured crustose coralline algae 
(CCA). – To examine the effects of fresh and cured CCA on settlement 
competency, three treatments were tested: 1) fresh CCA chip, 2) cured CCA 
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chip, and 3) no CCA chip. Cured CCA chips were prepared as follows: fresh 
CCA was collected and soaked in 5% bleach water for ~6 h, and then rinsed 
with fresh water for three days to remove traces of bleach. These CCA chips 
were oven-dried at 60˚C for five days before being cut into 9 mm2 pieces for 
use in experiment. Prior to use in the experiment, cured chips were 
conditioned in seawater for approximately three days. Twelve T. squamosa 
larvae were introduced into each well of a 12-well plate, each filled with 4 ml 
of 1µm UV-FSW. Using a randomised block design, each treatment type with 
16 replicate wells was assigned among four 12-well plates per time point. 
This was repeated every 24 h for 12 d, each time using new plates. The 
proportions of settled, swimming, and dead larvae in each well were recorded 
under a dissecting microscope at 24 h periods. 
 
Data analyses. – Two-factor ANOVA was used to test the effects of a) larval 
density (i.e. conspecifics present or not) and b) settlement cues (CCA) on 
settlement competency of T. squamosa larvae with time (note that repeated 
measures were not necessary as all replicates were independent). Post-hoc 
Student-Newman-Keuls (SNK) tests were used to identify the effects of fresh 
CCA, cured CCA, and no CCA on larval metamorphosis. Data were 
transformed for homogeneity of variances, evaluated using Cochranʼs test 
(Winer, 1971), when necessary. All statistical analyses were performed on 
GMAV 5. 
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9.3. Results 
Combined egg and sperm longevity and viability. – Fertilisation success 
steadily decreased over time (Fig. 9.1). However, the longevity of T. 
squamosa eggs and sperm and their potential for successful fertilisation is 
likely to extend beyond 480 mins as 0% was not observed. Fertilisation in the 
first 10 mins of egg release resulted in a consistent production of >85% 
successfully fertilised embryos in all three trials (Trial 1 = 87.99 ± S.E. 1.81%; 
Trial 2 = 87.87 ± S.E. 1.07%; Trial 3 = 94.33 ± S.E. 0.76%). Fertilisation 
success reduced to ~60-70% within the first hour of spawning, further 




Figure 9.1. Fertilisation of fluted giant clam, Tridacna squamosa as a function of 
gamete age. Fertilisation success (%) is presented as the mean (±S.E.) of three 
independent incubation trials for each combination of one female and three males. 
 
Swimming speed and behaviour of pelagic larvae. – Tridacna squamosa 
larvae were active swimmers, using their velum to swim in helical paths. 
Older larvae (i.e. those with a developed foot) occasionally swam with their 
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foot out of their shell (Fig. 9.2). Regression analysis showed no strong 
relationships between swimming speed and larval size or age (Fig. 9.3). 
Larvae appeared capable of swimming throughout the full duration of the 
experiment (10 d), with no indication of decreasing speed with size or age 
(Fig. 9.3). The recorded minimum and maximum speeds of T. squamosa 




















Figure 9.2. Tridacna squamosa 
veligers swimming with both velum 
and foot. Veliger extends its velum 
and foot prior swimming (A), then 
propels itself into the water column 
and continues swimming with its foot 
extended (B). 




Figure 9.3. Swimming speeds of fluted giant clam, Tridacna squamosa larvae. Linear 
regressions of A) larval size (µm) and B) larval age (days) by larval swimming speed 
(µm s-1). 
 
Larval settlement competency periods. – Settlement rates increased with 
time up to the end of the experiment at day 18 (Fig. 9.4a). A steep increase in 
settlement rates for T. squamosa larvae was initially observed, with 2.78% 
(S.E. ±1.18%) of 7-days old settlers versus 80.56% (S.E. ±1.57%) of 13-days 
old settlers (Fig. 9.4a). Swimming was not observed in ≥14-days old larvae. 
Settled larvae were occasionally noted clinging onto vertical surfaces, an 
indication of active locomotion along the surface of assay wells. 
 
Gregarious settlement. – There was no evidence of gregarious settlement 
(Fig. 9.4b) as no significant difference was observed for larval settlement 
between single larva and groups of 12 larvae when in the presence of CCA 
(Fig. 9.4b, F1,120 = 1.44; p>0.05). Larval settlement patterns were similar to 
the former experiment, but a peak in settlement was recorded on day 16, 
where single larva and groups of 12 larvae treatments had reached 
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settlement rates of 98.61% (S.E. ±1.39%) and 97.22% (S.E. ±1.76%) 




Figure 9.4. Settlement competency of fluted giant clam, Tridacna squamosa larvae 
over 12 post-spawning days. A) Larval competency. From day 8 onwards, 14-days 
old larvae had predominantly metamorphosed for settlement. B) Larval settlement in 
response to conspecifics (gregarious settlement). No difference between single larva 
and 12 larvae treatments on larval metamorphosis (p>0.05NS). C) Larval settlement in 
response to fresh CCA, cured CCA and no CCA (associative settlement). Fresh CCA 
treatment had a significantly higher proportion of metamorphosed larvae compared to 
cured CCA and no CCA (p<0.001*). 
 
Settlement in response to fresh and cured crustose coralline algae 
(CCA). – Larvae exhibited strong associative settlement in the presence of 
fresh CCA (Fig. 9.4c). A significantly higher proportion of larvae settled in the 
fresh CCA treatment compared to cured CCA and no CCA treatments (Table 
9.1). Swimming larvae were significantly more common for both cured CCA 
and no CCA (F2,540 = 68.78; p<0.0001). No differences in settlement 
responses were observed between cured CCA and no CCA (Fig. 9.4c; Table 
9.1). 
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Table 9.1. Two-factor analysis of variance and SNK tests comparing proportions of 
metamorphosed Tridacna squamosa larvae among fresh CCA, cured CCA, and no 
CCA treatments. 
 
Source of variation SS d.f. MS F p 
Treatments 1274.3160 2 637.1580 24.88 <0.0001 
Time 3727.1806 11 338.8346 107.10 <0.0001 
Treatments × Time  563.3507 22 25.6068 8.09 <0.0001 
Residuals  1708.3750 540 3.1637   
Cochranʼs test: C = 0.0720NS 
SNK test: S.E. = 0.3652 ʻFresh CCAʼ > ʻNo CCAʼ 
ʻFresh CCAʼ > ʻCured CCAʼ 
ʻCured CCAʼ = ʻNo CCAʼ 
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9.4. Discussion 
Biophysical models for the study of marine ecological issues are becoming 
more common and sophisticated (Miller, 2007; Gallego, 2011), and are 
increasingly being used to predict larval transport (Erftemeijer et al., 2009; 
Tay et al., 2012; Neo et al., 2013a), assess population connectivity (Neo et 
al., 2013a), and evaluate the roles of different biological and physical 
parameters on larval dispersal of marine invertebrates (Fiksen et al., 2007; 
Metaxas & Saunders, 2009; Tay et al., 2011). These model outcomes have 
so far been used to infer patterns of recruitment and community structure 
(Reitzel et al., 2004; Arnold et al., 2005), as well as implications of 
management and restoration activities (North et al., 2008; Neo et al., 2013a). 
Biological parameters are one of the important supporting components of any 
model (Metaxas & Saunders, 2009), and their accurate parameterisation is 
crucial in ensuring the reliability of simulations. Similarly, it is important to 
select appropriate parameters that will realistically reflect dispersal 
processes, and examining the larval ecology of selected species can help 
achieve this. In this present study we provide examples of the type of 
ecological data that contemporary models can benefit from: fertilisation 
success in relation to gamete age, larval swimming speed, and settlement 
competency, using T. squamosa as model species. We have demonstrated 
how this information is experimentally determined, and will now examine 
these results in more detail before discussing the effects each parameter 
potentially exerts on larval dispersal models. 
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Tridacna squamosa larval ecology. – The success of fertilisation among 
giant clams lies in their synchronised spawning (Munro, 1992; Gilbert et al., 
2006a), which is cued by the release of eggs (Munro et al., 1983). Being 
sedentary, the transfer of chemical cues found on clam eggs is likely to be via 
water currents, inducing conspecifics downstream to release sperm and/or 
eggs, which may result in cross-fertilisation and progressive spawning 
(Braley, 1984; Munro, 1992). Our results revealed that T. squamosa eggs 
remained viable for up to 8 h following spawning, but this viability reduced 
with age. These results are comparable to bivalves such as Cerastoderma 
edule (André & Lindegarth, 1995) and Mytilus edulis (Sprung & Bayne, 1984), 
with egg longevity up to 8 h and 11 h respectively. Variation in T. squamosa 
gamete aging was also observed amongst genotypes (i.e. three different 
trajectories from three different ʻmotherʼ clams), as previously described for C. 
edule (André & Lindegarth, 1995). Upon release, giant clam eggs may not be 
immediately fertilised and longer-lived eggs thus confer an advantage, 
enabling them to reach more distant conspecifics and sperm (Williams & 
Bentley, 2002). This may be an adaptive response for sedentary organisms 
relying on external fertilisation (Sprung & Bayne, 1984). 
 
Overall, swimming speeds of T. squamosa veligers were comparable to those 
of other bivalves (see Chia et al., 1984; Emlet, 1990). Bivalve veligers, 
including T. squamosa, use their prototroch (ciliary bands) for propulsion, 
usually moving along helical paths and spinning while swimming (Cragg, 
1989; Jonsson et al., 1991). Even though it is agreed that ciliated larvae are 
not fast enough swimmers in the horizontal plane to alter their distribution 
(Shanks, 1995; Young, 1995), this locomotion can facilitate the occupation of 
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various depths (Shanks, 1995), hence exposing them to different current 
conditions. Flume studies have also demonstrated that despite their low 
swimming speeds, marine invertebrate larvae can actively select settlement 
sites (Butman et al., 1988; Pawlik et al., 1991). Swimming in larvae may 
therefore permit some independence from ocean currents (Armsworth, 2000; 
North et al., 2008) and possibly increase local retention near natal 
populations (Sponaugle et al., 2002). 
 
The period of larval competency before recruitment onto reefs can directly 
influence dispersal (Wilson & Harrison, 1998; Heyward & Negri, 2010). Giant 
clam mariculture manuals identify a period of 14 d from spawning to 
settlement (Braley, 1992; Ellis, 1998), and this was experimentally shown for 
T. squamosa larvae here. After 14 d, all pediveligers had metamorphosed, 
based on the loss of swimming ability as a proxy (Fig. 9.4a). Cues may alter 
the settlement preferences in marine invertebrates, resulting in gregarious 
(responding to cues given off by conspecifics) or associative (responding to 
cues given off by other species) settlement (Crisp, 1974; Pawlik, 1992; 
Hadfield & Paul, 2001). 
 
Gregarious settlement can lead to aggregations, such as those reported for 
juvenile giant clams (McMichael, 1974; Yamaguchi, 1977; Huang et al., 
2007). However, we found no significant gregariousness among T. squamosa 
larvae in our experiment. Settlement responses to CCA in giant clams 
demonstrated by Courtois de Vicose (2000) and Neo et al. (2009) found that 
T. squamosa larvae preferentially settled near substrates containing the most 
CCA. Here, settlement rates of T. squamosa larvae exposed to fresh CCA 
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were significantly higher than cured CCA and no CCA. Invertebrate larvae of 
corals and echinoderms have also shown reduced settlement when CCA was 
boiled or autoclaved (Johnson et al., 1991; Negri et al., 2001; Huggett et al., 
2006). While T. squamosa settlement rates were consistently higher for fresh 
CCA throughout our study, settlement rates in cured CCA and no CCA were 
equivalent to fresh CCA for 15 to 18-days old larvae. To explain this, Neo et 
al. (2009) also observed reduced effects of CCA on settlement for older T. 
squamosa larvae and this probably reflects a change in settlement 
requirements. 
 
Implications of larval ecology data on dispersal modelling. – Most of the 
more sophisticated biophysical models, i.e. those that include a wide range of 
biological parameters, tend to focus on the dispersal and connectivity of fish 
larvae (e.g. Paris et al., 2007; Bolle et al., 2009; Huret et al., 2010). Apart 
from some studies on commercially important species such as the hard clam, 
Mercenaria mercenaria (Arnold et al., 2005), the oyster, Crassostrea virginica 
(Dekshenieks et al., 1996; North et al., 2008), and the scallop, Placopecten 
magellanicus (Tremblay et al., 1994; Gilbert et al., 2010), marine bivalves 
have generally received less attention (Metaxas & Saunders, 2009). The 
common biological parameters such larval growth and development, 
behaviour, and spawning times (see Tremblay et al., 1994; Dekshenieks et 
al., 1996; Reitzel et al., 2004; Arnold et al., 2005; North et al., 2008) have 
generally been included in most bivalve models. We discuss here how the 
three aspects of larval ecology we studied: fertilisation success in relation to 
gamete age, larval swimming speed, and settlement competency, potentially 
alter the outcomes of model simulations. 
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Gamete traits have been postulated to have direct impacts on fertilisation 
success in marine invertebrates (Benzie & Dixon, 1994; Levitan, 1996; 
Williams & Bentley, 2002), but most models simply release ʻlarvaeʼ particles 
for dispersal (e.g. Gilbert et al., 2010; Incze et al., 2010), without accounting 
for the initial fertilisation phase. Under natural conditions (and assuming eggs 
remain viable), fertilisation success in giant clams ensues when the chemical 
cues from eggs trigger progressive spawning in conspecific clams yielding 
sperm for fertilisation (Munro, 1992). In situ observations revealed that 70% of 
nearest spawning neighbours were within 9 m of one another, but the 
maximum distance has not yet been resolved (Braley, 1984). Being free-
spawners, giant clam egg longevity was hypothesised to be a limiting factor in 
fertilisation success. The dispersal potential of T. squamosa eggs on 
Singaporeʼs reefs was first examined using a dispersal model by Neo et al. 
(2013), and found that only clams within ~2 km of each other may trigger 
spawning before egg longevity expires. Gamete age in T. squamosa was 
approximated to be at least 8 h, which supports Neo et al.ʼs (2013) study that 
shows that gamete longevity limits how far gametes can be dispersed while 
still remaining capable of eliciting a spawning response. Results from this new 
study will therefore allow for new models to control the arrival times of 
gametes over nearest neighbour clams, which translates to the rates of 
fertilisation success and proportions of fertilised larvae available for the 
transport phase. While gamete age demonstrated here has direct effects on 
the biology of giant clam fertilisation, other factors such as population density 
and current velocity can limit the effects of gamete age on fertilisation 
success (Levitan, 1995; Levitan & Petersen, 1996). For instance, in sparsely 
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distributed meta-populations of sedentary giant clams, distant clams will not 
be induced for progressive spawning, as the time needed for eggs to be 
transported over large distances may exceed their longevity. Under turbulent 
water conditions, the probability of fertilisation may also be reduced (possibly 
to zero), due to dilution of chemical cues from tridacnid eggs leading to no 
progressive spawning. 
 
Long distance dispersal in marine invertebrate larvae is mostly determined by 
ambient currents (>1 m s-1) rather than their own swimming abilities (~1–10 
mm s-1) (Chia et al., 1984; Butman, 1987; Butman et al., 1988). Nevertheless, 
dispersal models typically include larval swimming speed (reviewed by 
Metaxas & Saunders, 2009), and some have shown that larval swimming can 
influence the direction and intensity of their transport and dispersal (e.g. 
Shanks & Brink, 2005; Knights et al., 2006; North et al., 2008). As has been 
demonstrated in other species (Paris et al., 2007), giant clam larval swimming 
can influence local settlement and recruitment success, especially in the 
selection of settlement sites. Observed foot extension while swimming may 
represent a searching behaviour (or in preparation for settlement), since the 
tip of the foot is ciliated (Neo et al., 2009; Neo et al., 2011). Neo et al. (2013a) 
included swimming speed and vertical migration behaviour obtained from 
general bivalve literature but it was not found to significantly affect transport 
and recruitment success within Singaporeʼs reefs⎯probably because 
hydrodynamics regimes had a greater effect. However, results may be 
different when using the actual swimming behaviour of T. squamosa. 
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Larval settlement behaviour (gregarious and/or associative) is usually 
incorporated into biophysical models to ʻmimickʼ settlement (e.g. Bolle et al., 
2009; Tay et al., 2012; Neo et al., 2013a) to realistically direct larvae to 
appropriate habitats within time-limited dispersal (i.e. PLD). However, 
accurate knowledge about species-specific behaviour is often absent and 
hence assumptions are frequently drawn from other taxa. Our experiment 
showed that T. squamosa larvae were not influencing each otherʼs settlement 
rates, but this finding does not rule out the possibility of gregarious responses 
to conspecific juveniles or adults. Waterborne cues released from adults 
could attract competent larvae to actively settle nearby (Ricard & Salvat, 
1977; Trench et al., 1981; Braley, 1987b). 
 
The presence of crustose coralline algae (CCA) is an associative cue known 
to stimulate settlement in numerous taxa of marine invertebrate larvae (e.g. 
Johnson et al., 1991; Roberts et al., 2004; Neo et al., 2009). CCA is 
ubiquitous on coral reef substrates (Stearn et al., 1977; Keats et al., 1997) 
and represents substantial areas for larval settlement (Johnson et al., 1991; 
Fabricius & Deʼath, 2001). Giant clam larvae have been previously shown to 
settle quickly in the presence of CCA cues (Courtois de Vicose, 2000; Neo et 
al., 2009), and this behaviour was defined as a response variable for ʻlarval 
settlementʼ in Neo et al.ʼs (2013a) study. Now that the actual lengths of larval 
competency in response to CCA have been quantified, the durations of 
respective larval stages prior to settlement can be better represented. 
Settlement competency therefore reflects the ʻsettling rateʼ of dispersed larvae 
with time, thereby controlling early recruitment patterns that may have 
implications on the overall PLD. 
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In summary, the integrity of biophysical models depends greatly on the 
accurate parameterisation of factors used in the simulations. This study 
presented the results of three larval ecology data gaps in T. squamosa and 
examined how each parameter could influence the outcomes and/or 
interpretations of model simulations. The effects of gamete age and 
settlement competency in response to CCA on larval dispersal are most 
apparent, while the effects of larval swimming speed and settlement 
competency in response to conspecific larvae are not (yet) resolved. Gamete 
age (particularly tridacnid eggs) controls the ʻwindow of opportunityʼ for 
successful fertilisation to take place, which determines the initial proportion of 
fertilised larvae available for actual dispersal in the models. However, the 
effects of gamete age may be limiting depending on the local conditions (e.g. 
population density and current velocity). Even though swimming behaviour in 
invertebrate larvae is believed to control self-recruitment, the effects of 
swimming speeds in T. squamosa larvae need further verifications via 
sensitivity analyses. Settlement competencies reflect the ʻsettling ratesʼ of 
dispersed larvae, and thus potentially shorten the PLD. Gregariousness 
among T. squamosa larvae had no effect on settlement rates, but may be re-
tested for larval attraction to juvenile or adult conspecifics. On the other hand, 
the strong effects exerted on settlement by associative cues from CCA 
indicate that it directs early recruitment patterns and should be carefully 
parameterised. While it is not practical to incorporate every possible larval 
parameter into models, the selection and quantitative characterisation of 
larval parameters that are known to potentially have a significant influence on 
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model results and interpretations, is key to providing a reliable and holistic 
view of dispersal connectivity in marine invertebrates. 
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CHAPTER 10. CONCLUSIONS: UPDATES, GIANT CLAM 
MARICULTURE AND MANAGEMENT, AND FUTURE RESEARCH 
DIRECTIONS 
10.1. Status updates of the natural giant clams in Singapore waters 
In Chapters 4 and 5 I showed that, due to their low densities, giant clam 
populations in Singapore are experiencing component Allee effects, impairing 
their capacity to reproduce. The main mechanisms generating these 
component Allee effects are: 1) as giant clams are broadcast spawners, it is 
harder for sperm and eggs to meet at low population densities, thus reducing 
fertilisation efficiency, and 2) poor reproductive facilitation, where individuals 
are less likely to reproduce if they are not able to (chemically) sense eggs 
released by other clams in sparse populations. These mechanisms impact 
the reproductive fitness of giant clams, generating Allee effects within 
metapopulations. Despite a gloomy outlook for Singaporeʼs stocks, efforts are 
made to monitor existing individuals on the Southern Islands reefs. Since 
Oct.2010 to the present-day, ad-hoc monitoring during reef walks (mostly 
intertidal) have been carried out to monitor the health of previously marked 
giant clams, as well as to add any new clams to the existing inventory (Table 
10.1). All the clams found were identified to species level, measured, 
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Table 10.1. Monitoring of existing giant clam populations between Oct.2010 to 
present. Legend: Pulau = island, abbreviated to P. and Terumbu = patch reef, 
abbreviated to T. Numbers with a – sign refers to a reduction, and numbers without a 
sign refers to an addition. 
 
Area surveyed 87,515 m2 - - - 
Species Site Aug.2009–Aug.2010 
Oct.2010–
2011 2012 2013 
P. Tekukor    1 
P. Hantu 1    
T. Pempang Darat 1    
T. Pempang Tengah   2  
T. Pempang Laut 1 1 1  
P. Semakau 6  1  
T. Raya 1   1 (-1) 
T. Semakau 2 1   
P. Salu 4    
T. Salu 4    
T. Berkas Besar  3    
P. Senang 3    









Raffles Lighthouse (P. 
Satumu) 2   1 
Cyrene (T. Pandan) 1  (-1)  
Kusu island (P. Tembakul) 1 2   
Sistersʼ islands (P. Subar 
Laut, P. Subar Darat) 2  (-1) 1 
P. Hantu 1   3 
T. Hantu    1 
T. Pempang Tengah 1  1 1 
T. Pempang Laut   1 1 
P. Jong 2 (-1)   
P. Semakau 5  2 (-1) 
T. Bemban  1  1 
T. Raya 1 (-1)  2 
T. Semakau  1 3  
Beting Bemban Besar 2    
P. Salu 1    
P. Berkas 1    
P. Sudong 1    
P. Pawai 1  1  
P. Senang 1    










Raffles Lighthouse (P. 









T. Bemban   1  
 
Previously, only two species (T. crocea and T. squamosa) were found at an 
overall density of 0.067 per 100 m2 (Chapter 4). Of the clams marked in that 
study, one T. crocea has died, while three T. squamosa have died and two 
are missing. However, nine new T. crocea, 24 new T. squamosa, and one 
new T. maxima have been found (Table 10.1). The densities of clams 
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however, probably do not vary greatly from Chapter 4 results as the 
monitored areas have increased (the actual densities cannot be calculated as 
reef walks are ad-hoc, occurring during other activities). Since the last 
sighting in 2003 (Guest et al., 2008), another live T. maxima specimen has 
been sighted (Neo & Todd, 2013). Of the new T. crocea found, there are 
three younger clams (estimated 4 to 5-years old). Due to their cryptic colours 
(Todd et al., 2009), T. crocea are generally more difficult to monitor. The 
missing or dead T. squamosa (n = 5) were all large and mature individuals 
(shell length range 243 to 345 mm), while the new T. squamosa are mostly 
juveniles or sub-adults (Fig. 10.1). Even though the presence of young clams 
(estimated 4 to 5-years old) suggests successful recruitment events, the loss 
of large T. squamosa further exacerbates the reproductive functions of the 
local populations. 
 




Figure 10.1. Size frequency distributions of giant clams on Singaporeʼs reefs. Legend: 
2009-2010 data obtained from Neo & Toddʼs (2012a) survey and 2011-present 
obtained from ad-hoc reef walks. 
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10.2. Population connectivity among giant clams in Singapore and the 
region 
With their largely sessile habit, giant clams are ideal model organisms for the 
investigation of reef connectivity or genetic breaks in coral reefs. In Chapter 4 
I conducted the first population genetic study of giant clams in Singapore, to 
examine local-scale population structures and demographic parameters on 
recent time scales, and to catalogue the COI haplotypes present in the 
populations. In Singapore waters, higher levels of polymorphism and genetic 
diversity were observed among T. crocea than in the T. squamosa population, 
where a single haplotype was present in half of the T. squamosa individuals. 
Even though there is some connectivity among Singaporeʼs giant clams, the 
reduction in wild clam numbers due to anthropogenic impacts suggests a 
population genetic bottleneck that could impact natural recovery. To assess 
how natural recovery may be impacted, I re-tested the recruitment constraint 
hypothesis⎯“there is limited connectivity between Singaporeʼs reefs and 
other reefs in the region” (Chapter 5) by using the phylogenetic approach. 
Here, I investigated the relatedness among individuals (thus connectivity) of 
giant clam populations in Singapore with the regional reefs. 
 
To do this, COI sequences of giant clams, T. crocea and T. squamosa from 
regional localities were retrieved from GenBank. A full description of analyses 
and summary is provided in Appendix G. It should be noted that geographic 
localities were limited to country-level, as the majority of sequences did not 
provide information on sampling sites, thus limiting our interpretation of 
results to country of origin only. The haplotype network for T. crocea suggests 
that Singapore individuals are closely connected with those in Indonesia (Fig. 
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10.2), while T. squamosa individuals from Indonesia, Malaysia, and 
Singapore are all connected on the same haplotype network (Fig. 10.3). 
Further analysis of molecular variance (AMOVA) showed that T. crocea and 
T. squamosa from Singapore are much more related to those in Indonesia 
(see Appendix F, Tables F3 and F4) than the other regions tested. Despite 
the geographic proximity to Malaysia, results indicate that other factors, such 
as land barriers and/or currents, may be influencing the gene flow among 
giant clam populations. Dispersal modelling of T. squamosa larvae from 
various regional reefs surrounding Singapore (Chapter 5) produced peak 
settlement patterns when larvae were released from the Batam and Bintan 
islands. In contrast, other reefs had low transport successes (i.e. Malaysia, 
Thailand, and Anambas Islands). Results from this analysis and Chapter 5 
show that natural recovery can occur if favourable currents bring tridacnid 
larvae up from the south of Singapore waters. Overall, this genetic 
information will serve useful in restoring or restocking populations (see 
section 10.4), and the conservation and management of existing stocks (see 
section 10.5). 




Figure 10.2. Tridacna crocea. Minimum spanning networks using 391-bp fragment 
from the COI gene. A and B are two separate networks resulting from the haplotype 
analysis. Each circle on the network represents a unique COI haplotype. Colour-
coded circles = unique locality. Open circles on lines connecting haplotypes = single 
putative mutations. Lines join all haplotypes within a 95% statistical confidence 




Figure 10.3. Tridacna squamosa. Minimum spanning network using 397-bp fragment 
from the COI gene. Each circle on the network represents a unique COI haplotype. 
Colour-coded circles = unique locality. See Fig. 10.2 for definitions. 
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10.3. Giant clam mariculture in Singapore 
Giant clams are ideal candidates for mariculture as the technical aspects of 
propagation are well understood, the larger species tend to have more rapid 
growth rates, and their symbiotic relationship with photosynthetic algae 
means that they do not require feeding. In the past decade or so, such 
propagation techniques have provided the opportunity to increase giant clam 
numbers quickly (Crawford et al., 1987; Quimby, 1993), which is timely given 
that stocks of larger species have been significantly depleted by poaching 
(Wexler, 1994; Heslinga, 2013) and local harvesting (Kinch & Teitelbaum, 
2010). Today, active clam farms in Australia, Borneo (Malaysia), Indonesia, 
Pacific Islands, Philippines, and Thailand have successfully restocked 
depleted populations or reintroduced extirpated species. Some of these farms 
have supplied clams to the locals as food and/or to generate income via the 
sale in aquarium trade (Heslinga, 2013). 
 
Since a decade ago, preliminary surveys in Singapore revealed that tridacnid 
populations were small and sparsely distributed. Early mariculture efforts 
were limited to assessing clam growth and survival in Singaporeʼs highly 
sedimented and nutrient-enriched waters (Courtois de Vicose & Chou, 1999; 
Guest et al., 2008), and testing larval settlement preferences using a variety 
of substrates (Courtois de Vicose, 2000). Subsequent researchers focused on 
various aspects of the behaviour and autecology of T. squamosa (e.g. Huang 
et al., 2007; Ling et al., 2008; Neo & Todd, 2011a, 2011b). Three generations 
of juvenile T. squamosa were successfully spawned in 2004, 2005, and 2007 
at the Tropical Marine Science Instituteʼs aquarium facility on St Johnʼs 
Island. However, few individuals (<5) remained from batches 2004/2005 due 
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to high mortality caused by the infestation of parasitic snails (pyramidellids). 
Despite the high sediment levels and turbidity in Singapore waters, Guest et 
al. (2008: p. 570) demonstrated that giant clams could survive and grow well. 
Hence the 52 remaining individuals from batch 2007 were transplanted onto 




Figure 10.4. Batch 2007 Tridacna squamosa transplants were placed on the reefs 
since 14 Dec.2010. Selected individuals were photographed for record. Monitoring 
dates are as follows: A) 7 Jun.2011 (SL = N.A.); B) 23 Jan.2012 (SL = N.A.); C) 11 
May.2013 (SL = 10–12 cm); D) 11 May.2013 (SL = 12–15 cm) and E) 26 Mar.2012 
(SL = 15 cm). (Photographs by Loh Kok Sheng [A–D] and Collin Tong [E], all 
reproduced with permission) 
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It is evident from Chapters 3, 4, 5, and 6 that giant clam populations in 
Singapore are endangered and require active intervention to prevent the 
extirpation of remaining individuals. Active reef management is necessary to 
ensure the survival of Singaporeʼs reefs, and coral reef rehabilitation efforts 
are already being explored (Loh et al., 2006). The restocking of giant clams 
will certainly add on to the ongoing efforts in conserving and improving 
Singaporeʼs marine environment. Giant clams could also serve as 
environmental indicators, providing data for the understanding of coastal 
water conditions in Singapore. Numerous basic ecological studies of giant 
clams have also been conducted in Singapore for the past eight years, 
contributing over 10 research articles to the advancement of giant clam 
research. The results of these previous studies, coupled with the findings 
presented in this thesis, are actively being incorporated into the development 
and execution of the restocking programmes. 
 
In May.2011, the National Parks Board contributed support and funds to 
initiate a two-year Phase I restocking project entitled “Towards reef 
rehabilitation in Singapore through sustainable conservation of an iconic 
marine invertebrate: The giant clam (family Tridacnidae)”. In Phase I, the 
focus was on breeding T. squamosa juveniles for restocking onto the reefs. 
The project yielded three successful spawning inductions in Jan.2012, 
Mar.2012, and Aug.2012, and preliminary placements into cages on the reefs 
are currently ongoing. As Phase I comes to an end, the next five-year Phase 
II restocking programme [entitled “Giant clam (family Tridacnidae) 
conservation in Singapore: Reintroducing Tridacna gigas, the worldʼs largest 
living bivalve mollusc”] was initiated in Mar.2013. In Phase II, the T. 
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squamosa restocking project will continue to develop with additional studies 
that focus on the effects of sediments on tridacnid larvae and juveniles. The 
new components in Phase II include the establishment of T. gigas 
broodstock, development of mariculture techniques for this species, and 
transplantion of cultured juveniles onto Singaporeʼs reefs. The ultimate goal of 
these programmes is to reintroduce cultured T. gigas and restock cultured T. 
squamosa juveniles strategically onto the Southern Islands reefs that will 
eventually result in self-sustaining populations. 
 
Restocking and reintroduction are common techniques used by conservation 
managers to replace depleted or extirpated populations of giant clam within 
the Indo-Pacific region (Heslinga et al., 1984; Munro, 1992; Gomez & Mingoa-
Licuanan, 2006). Below, I will discuss the approaches taken in Singaporeʼs 
restocking programmes. The following considerations need to be addressed 
before any restocking programme begins: 1) conservation of genetic 
variability within species (Munro, 1993; Meffe & Caroll, 1994), 2) source of 
mature broodstock for breeding (Gomez & Mingoa-Licuanan, 2006), 3) supply 
of nursery-reared juveniles (Heslinga, 2013), and 4) transplantation sites 
(Lipcius et al., 2008). In Singapore, breeding using existing stocks only is not 
feasible. Coupled with the already low numbers, the invasive and detrimental 
effects of induction methods (i.e. serotonin injections; Ellis, 1998) pose a high 
risk of mortality to natural stocks, which is undesirable. Introducing clams 
from elsewhere into Singapore reefs is possible but can potentially alter 
genetic diversity. Furthermore, the mixing of two different conspecific 
populations may lead to genetic incompatibility (i.e. resultant offspring may 
have poor reproductive fitness), further reducing population size (Meffe & 
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Carroll, 1994). Currently, the Phase I programme ensures that the source 
materials selected as broodstock, or for direct transplantations are genetically 
typed (Kittiwattanawong, 1997) (see section 10.3) and as much as possible, 
matched against the local populations. This allows the enhancement of stocks 
without endangering local genetic diversity (Benzie, 1993). 
 
Final positioning of nursery sites is also crucial for the long-term persistence 
and sustainability of restocked populations. ʻSource sitesʼ are potential 
restocking habitats while ʻsink sitesʼ are not ideal for restocking, but can serve 
as locations for larval recruitment via source reefs (Lipcius et al., 2008). Using 
biophysical models (Gallego, 2011), such as the one presented in Chapter 5, 
source-sink dynamics can be examined to achieve strategic positioning of 
stocks that encourages natural recruitment onto reefs. The success of 
positioning may only be observed after a decade or longer after restocking. 
For more than 20 years, the Marine Science Institute of the University of 
Philippines have placed more than 20,000 cultured T. gigas onto their coral 
reefs (Gomez & Mingoa-Licuanan, 2006), and only recently have there been 
reports of juvenile recruitment on the reefs, e.g. Hundred Islands National 
Park (pers. comms. Mingoa-Licuanan, S.S.). Even if restocking of individuals 
in Singapore is successful, the clams will continue to face the challenges of 
reclamation, sediment pollution, and poaching. 
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10.4. Giant clam management in Singapore 
Marine Protected Areas (MPAs) are considered a useful tool to ensure the 
sustainable use of marine resources and prevent overexploitation (Carleton 
Ray, 1999; Palumbi, 2001). One of the major challenges for coral reef 
conservation is accounting for the bipartite life history traits of many reef 
taxa⎯the adult is either sedentary or possesses a limited home range, while 
their larvae are dispersed by currents and other hydrodynamical processes 
(Scheltema, 1988). In order to effectively protect marine biodiversity, 
Carpenter et al. (2011) highlights the need to manage MPAs on a larger 
spatial scale, such as including nearby reefs, since most speciesʼ ranges 
span over large distances. To determine the scale of MPAs, the knowledge 
on the spatial distribution of a speciesʼ genetic variation is required (Palumbi, 
2003; Carpenter et al., 2011). Even though Singaporeʼs marine areas are 
relatively small (13.25 km2; Tun, 2012), there are no existing laws or 
legislation to protect local marine areas and marine life (Lye, 2008). It is also 
unclear as to which government agency is responsible for marine 
conservation. 
 
While legal protection for marine life is absent in Singapore, data from this 
thesis can be used to manage marine areas more effectively. The realised 
and actual connectivities of giant clam populations in Singapore were 
examined in Chapters 4 and 5 respectively (and section 10.3). For example, 
based on the genetic haplotyping of T. crocea population, the moderately 
structured populations within the Southern Islands recommend that islands be 
managed as specific clusters. For example, the reefs of Pulau Hantu, 
Terumbu Semakau, and Pulau Semakau can be grouped as a single cluster. 
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Some island clusters may necessitate greater protection for their ability to act 
as either ʻsourceʼ or ʻsinkʼ habitats. In this instance, results from Chapter 5 
indicated that Kusu Island and Sisters Islands were suitable ʻsourceʼ habitats, 
while Cyrene, Tekukor, Raffles Lighthouse, and Salu were more ideal as ʻsinkʼ 
habitats. Management efforts should also account for the organismʼs 
dispersal capabilities and spatial distribution. Juvenile or sub-adult T. 
squamosa have been increasingly sighted on the Southern Islands reefs over 
the last two years (see section 10.2), probably due to recent recruitment 
events. Since local T. squamosa stocks are unlikely to have reproduced, 
these recruits probably originated from outside of Singapore waters, likely 
Indonesia based on relatedness (see section 10.3). While a large MPA can 
potentially accommodate the dispersal capabilities of giant clam larvae, it 
should be noted that realised dispersal is usually much lower than predicted 
(Palumbi, 2003). Overall, the results recommend that conservationists focus 
on the local management and protection of coral reefs in Singapore, while 
possibly in the future, collaborate on a regional level to conserve connected 
reefs. 
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10.5. Future research directions 
The research presented in this thesis represents a substantial amount of 
groundwork on the giant clam populations in Singapore. Results can be used 
to better manage the mariculture and restocking programmes, as well as 
prioritise conservation efforts. Naturally, numerous questions arose from my 
studies that deserve to be addressed in the future. 
 
In Chapters 4 and 5, I concluded that the very low densities of giant clams in 
Singapore are reducing the likelihood of fertilisation among conspecifics, thus 
generating component Allee effects in populations. As giant clam populations 
continue to decline in Singapore, as well as in other Indo-Pacific reefs, two 
key questions have yet to be resolved. Since giant clams are synchronistic 
broadcast spawners, 1) at what distances can adult clams detect 
conspecificsʼ spawning (i.e. egg cues) to trigger progressive spawning? And 
2) what is the minimum number of spawning adults needed to keep 
populations sustainable? These questions are critical to determining the 
minimum viable population levels including the densities that restocked clams 
need be arranged on the reefs to ensure that reproduction can take place. 
The way forward now is to establish biophysical models that first examine the 
fine-scale dispersal patterns of giant clam eggs against different flow (and 
flow scale) scenarios (e.g. laminar and turbulence) to establish effective 
distances between spawning clams and nearest spawning neighbours. This 
should be followed by modelling the densities and positioning of clam stocks 
to identify the critical population size. 
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In Chapter 5, the model provided insights on the potential local and regional 
connectivity among reefs, and identified the factors leading to recruitment 
constraints of T. squamosa larvae on Singapore reefs. Dispersal patterns 
mostly rely on hydrodynamic models but are usually constrained by the 
limited information on larval ecology. I identified three aspects of giant clam 
larval ecology that should help improve model predictions when 
parameterised into the models, and this was discussed in Chapter 9. While I 
was able to make inferences (based on previous biophysical model studies) 
on how each newly established parameters of gamete age, larval swimming 
speed, and settlement competency affects the predictions of biophysical 
models, I was unable to run sensitivity analyses to test these parameters. 
Sensitivity analyses allow for users to identify the influence of individual or 
combined larval parameters on dispersal success, and that the outcomes of 
analyses allows for the most representative “bio”-components to be selected. 
With these, I will be able to re-run the model to provide additional insights into 
recruitment patterns and source-sink dynamics. 
 
The increasing sightings of young juveniles and sub-adult T. squamosa on 
Singaporeʼs reefs (section 10.1) also raise the questions: 1) where did they 
come from, 2) who are their parents, and 3) where are they currently 
distributed on the Southern Islands reefs? These new clams can provide 
insights into actual (as opposed to modelled) connectivity patterns and the 
source-sink dynamics of local and regional reefs. In addition, the population 
genetics studies presented in Chapter 4 and section 10.2 explored only a 
fraction of the biogeography of giant clams. In line with the conservation of 
giant clams in Singapore and other Indo-Pacific reefs, genetic relatedness 
M.L. Neo (2013) Giant clams (Subfamily Tridacninae) in Singapore: Past, Present, and Future 
199 
among giant clam populations at larger scales is key to identifying and 
protecting the remaining source giant clam populations contributing to the 
regional gene pool; knowledge that will facilitate the development of trans-
boundary management strategies. 
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APPENDIX A: GIANT CLAM RESEARCH TRENDS (CHAPTER 1) 
 
Table A1. Web-of-Science survey. The number of research articles in each criterion 
category, based on the following search words: “giant clam”, “giant clams”, 
“Tridacna”, “Hippopus”, “tridacnid”, “tridacnids”, “tridacnidae”, or “tridacninae”. 
(Accurate as of 10 Aug.2013) 
 
Criteria Tallies Proportions 
Specific searches containing search words and 
contain giant clam materials 411 74.59% 
Non-specific searches containing no search 
words but contain giant clam materials 7 1.27% 
Non-specific searches (may contain search words 
but are deemed inaccurate) 133 24.14% 
Total number of publications 551  
 
 
Table A2. A brief description of each research topic. 
 
Research topic Descriptions 
Archaeology The study of human history and prehistory through the 
excavation of sites and analysis of artefacts, e.g. giant 
clam shells. 
Autecology The ecological study of an individual organism. 
Conservation & 
Management 
The protection of giant clams and management 
issues. 
Folklore The traditional beliefs, customs, and stories of a 
community, passed through generations by word of 
mouth. 
Genetics The study of phylogeny and population genetics of 
giant clams. 
Mariculture The cultivation of giant clams for food and shells. 
Palaeosciences The study of geologic past through the use of 
artefacts. 
Physiology & Biochemistry Studies encompassing both physiology and 
biochemistry aspects.  
Symbiosis Studies cover the interactions between zooxanthellae 
and host giant clams. 
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Tables A3. The number of giant clam-related research articles published per year per 
topic. (Accurate as of 10 Aug.2013) 
 
Year 
Topics 2013 2012 2011 2010 2009 2008 2007 2006 2005 
Archaeology 0 1 2 0 0 1 0 0 0 
Autecology 0 2 3 0 2 2 2 2 0 
Conservation & 
Management 5 1 4 5 3 4 2 3 2 
Folklore 0 0 0 0 1 0 0 0 0 
Genetics 0 4 1 1 1 2 1 0 0 
Mariculture 1 2 1 1 1 1 0 0 1 
Palaeosciences 1 4 5 1 2 1 0 1 0 
Physiology & 
Biochemistry 1 2 2 1 3 3 1 3 0 
Symbiosis 2 4 1 2 1 4 0 1 4 
Taxonomy 0 0 0 0 0 1 0 0 0 
 
Year 
Topics 2004 2003 2002 2001 2000 1999 1998 1997 1996 
Archaeology 1 0 0 0 1 1 0 0 0 
Autecology 1 1 0 1 1 0 0 1 1 
Conservation & 
Management 1 0 0 0 0 3 1 2 0 
Folklore 0 0 0 0 0 0 0 0 0 
Genetics 0 1 3 0 1 1 3 1 1 
Mariculture 0 3 2 1 1 4 1 5 0 
Palaeosciences 2 1 0 0 0 1 0 0 0 
Physiology & 
Biochemistry 3 1 3 4 4 3 3 3 1 
Symbiosis 3 2 2 1 4 5 3 2 2 
Taxonomy 0 0 0 0 1 0 0 0 0 
 
Year 
Topics 1995 1994 1993 1992 1991 1990 1989 1988 1987 
Archaeology 1 0 1 0 0 1 0 1 0 
Autecology 0 0 1 2 0 1 1 2 0 
Conservation & 
Management 0 3 2 1 1 2 3 1 0 
Folklore 0 0 0 0 0 0 0 0 0 
Genetics 1 0 1 4 0 0 0 0 0 
Mariculture 1 4 25 6 1 0 3 1 2 
Palaeosciences 0 0 1 0 2 0 0 0 1 
Physiology & 
Biochemistry 4 1 8 2 1 2 1 1 0 
Symbiosis 5 3 5 1 0 0 0 1 0 
Taxonomy 0 0 1 0 1 0 0 0 0 
 
Year 
Topics 1986 1985 1984 1983 1982 1981 1980 1979 1978 
Archaeology 0 0 0 0 0 0 0 0 1 
Autecology 1 0 1 1 0 1 2 0 1 
Conservation & 
Management 2 1 0 0 0 0 1 0 0 
Folklore 0 0 0 0 0 1 0 0 0 
Genetics 0 0 0 0 0 0 0 0 0 
Mariculture 3 3 3 1 0 3 0 0 1 
Palaeosciences 1 0 0 0 0 0 0 0 0 
Physiology & 
Biochemistry 0 0 3 2 3 0 3 3 1 
Symbiosis 2 0 0 0 1 2 1 1 1 
Taxonomy 0 1 0 0 1 0 0 0 0 
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Year 
Topics 1977 1976 1975 1974 1973 1972 1971 1970 1969 
Archaeology 0 0 0 0 0 0 0 1 0 
Autecology 0 0 0 0 0 1 2 0 0 
Conservation & 
Management 0 2 1 1 0 0 0 0 1 
Folklore 0 0 0 0 0 0 0 0 0 
Genetics 0 0 1 1 2 0 0 0 0 
Mariculture 0 1 0 1 0 0 0 0 0 
Palaeosciences 0 0 0 0 0 0 0 0 0 
Physiology & 
Biochemistry 3 1 4 0 0 1 1 0 0 
Symbiosis 0 0 0 0 1 0 1 0 1 
Taxonomy 0 0 0 0 0 0 0 0 0 
 
Year 
Topics 1967 1965 1953 1946 1936 1904 
Archaeology 0 0 0 0 0 0 
Autecology 0 0 0 0 1 1 
Conservation & 
Management 0 0 0 0 0 0 
Folklore 0 0 0 0 0 0 
Genetics 0 0 0 0 0 0 
Mariculture 0 1 0 0 0 0 
Palaeosciences 0 0 0 0 0 0 
Physiology & 
Biochemistry 0 0 1 2 0 0 
Symbiosis 0 2 0 0 0 1 
Taxonomy 0 0 1 0 0 1 
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APPENDIX B: A REVIEW OF THE RELATIONSHIPS OF ECOLOGICAL 
PARAMETERS IN GIANT CLAM SPECIES (CHAPTER 2) 
Table B1. Biomass production. W = aLb, where W is the tissue weight (kg) 
and L is shell length (cm). 
 
Wet tissue weight (WWT) 
Species n a b r2 
1) Fangatau 
Tridacna maxima 186 6.30 × 10-3 0.34 - 
Reference: Gilbert, A., S. Andrefouet, L. Yan & G. Remoissenet, 2006. The giant clam Tridacna maxima 
communities of three French Polynesia islands: comparison of their population sizes and structures at early 
stages of their exploitation. ICES Journal of Marine Science, 63: 1573–1589. 
2) Japan 
Tridacna crocea - 7.71 × 10-5 2.79 0.98 
Reference: Murakoshi, M. & S. Kawaguti, 1986. Sexual maturation and harvest regulations in the shell 
length of the boring giant clam Tridacna crocea. Bulletin of the Japanese Society of Scientific Fisheries, 
52(10): 1701–1707. 
3) Palau 
Tridacna derasa 15 1.74 × 10-4 2.17 0.91 
Reference: Heslinga, G.A., F.E. Perron & O. Orak, 1984. Mass culture of giant clams (F. Tridacnidae) in 
Palau. Aquaculture, 39: 197–215. 
4) Rose Atoll 
Tridacna maxima - 3.24 × 10-3 1.15 0.98 
Reference: Radtke, R., 1985. Population dynamics of the giant clam Tridacna maxima at Rose Atoll. 
Hawaii Institute of Marine Biology. University of Hawaii. 24 pp. 
5) Takakoto 
Tridacna maxima 166 3.36 × 10-3 0.33 - 
Reference: Gilbert, A., S. Andrefouet, L. Yan & G. Remoissenet, 2006. The giant clam Tridacna maxima 
communities of three French Polynesia islands: comparison of their population sizes and structures at early 
stages of their exploitation. ICES Journal of Marine Science, 63: 1573–1589. 
6) Taiwan 
Tridacna maxima 9 1.28 × 10-5 3.04 0.98 
Reference: Yau, A.J-Y. & T-Y. Fan, 2012. Size-dependent photosynthetic performance in the giant clam 
Tridacna maxima, a mixotrophic marine bivalve. Marine Biology, 159: 65–75. 
7) Tonga 
Tridacna derasa 24 3.16 × 10-8 2.85 0.99 
Tridacna tevoroa 32 2.80 × 10-5 2.81 0.99 
Reference: Klumpp, D.W. & J.S. Lucas, 1994. Nutritional ecology of the giant clams Tridacna tevoroa and 
T. derasa from Tonga: influence of light on filter-feeding and photosynthesis. Marine Ecology Progress 
Series, 107: 147–156. 
Total tissue weight (TWWT) 
1) Australia 
Tridacna gigas - 1.99 × 10-3 0.27 0.99 
Reference: Fitt, W.K., T.A.V. Rees, R.D. Braley, J.S. Lucas & D. Yellowlees, 1993. Nitrogen flux in giant 
clams: size-dependency and relationship to zooxanthellae density and clam biomass in the uptake of 
dissolved inorganic nitrogen. Marine Biology, 117: 381–386. 
2) Fangatau 
Tridacna maxima 186 2.00 × 10-3 0.32 - 
Reference: Gilbert, A., S. Andrefouet, L. Yan & G. Remoissenet, 2006. The giant clam Tridacna maxima 
communities of three French Polynesia islands: comparison of their population sizes and structures at early 
stages of their exploitation. ICES Journal of Marine Science, 63: 1573–1589. 
3) Takakoto 
Tridacna maxima 166 1.96 × 10-3 0.32 - 
Reference: Gilbert, A., S. Andrefouet, L. Yan & G. Remoissenet, 2006. The giant clam Tridacna maxima 
communities of three French Polynesia islands: comparison of their population sizes and structures at early 








Table B2. Primary Productivity. PNET = aWb, where PNET is the net primary 
productivity (µmol O2 per min per g) and W is the total weight (g). 
 
Total wet weight (TWWT) 
Species n a b r2 
1) Taiwan 
Tridacna maxima - 0.362 2.92 0.98 
Reference: Yau, A.J-Y. & T-Y. Fan, 2012. Size-dependent photosynthetic performance in the giant clam 
Tridacna maxima, a mixotrophic marine bivalve. Marine Biology, 159: 65–75. 
2) Tonga 
Tridacna derasa 145 0.371 0.747  
Tridacna tevoroa 71 0.314 0.704  
Reference: Klumpp, D.W. & J.S. Lucas, 1994. Nutritional ecology of the giant clams Tridacna tevoroa and 
T. derasa from Tonga: influence of light on filter-feeding and photosynthesis. Marine Ecology Progress 
Series, 107: 147–156. 
Total dry weight (TDWT) 
1) Australia 
Hippopus hippopus 20 0.571 1.121 - 
Tridacna crocea 34 2.483 0.690 - 
Tridacna gigas 34 4.035 0.700 - 
Tridacna squamosa 22 1.413 0.933 - 
Reference: Klumpp, D.W. & C.L. Griffiths, 1994. Contributions of phototrophic and heterotrophic nutrition to 
the metabolic and growth requirements of four species of giant clam (Tridacnidae). Marine Progress 





Table B3. Clearance rates. CR = aWb, where CR is the clearance rate (litres 
per hour per g) and W is the total weight (g). 
 
Total wet weight (TWWT) 
Species n a b r2 
1) Tonga 
30 0.042 0.68 0.92 
12 0.042 1.12 0.98 Tridacna derasa 
12 0.043 0.91 0.98 
16 0.041 0.88 0.97 
10 0.040 0.97 0.97 Tridacna tevoroa 
10 0.052 0.24 0.97 
Reference: Klumpp, D.W. & J.S. Lucas, 1994. Nutritional ecology of the giant clams Tridacna tevoroa and 
T. derasa from Tonga: influence of light on filter-feeding and photosynthesis. Marine Ecology Progress 
Series, 107: 147–156. 
Total dry weight (TDWT) 
1) Australia 
Hippopus hippopus 34 0.525 0.743 0.69 
Tridacna crocea 34 0.585 0.905 0.87 
34 3.680 0.397 0.69 Tridacna gigas 56 1.850 0.580 0.85  
Tridacna squamosa 33 0.318 0.964 0.86 
References: Klumpp, D.W., B.L. Bayne & A.J.S. Hawkins (1992) Nutrition of the giant clam Tridacna gigas 
(L.). I. Contribution of filter feeding and photosynthates to respiration and growth. Journal of Experimental 
Marine Biology and Ecology, 155: 105–122. 
Klumpp, D.W. & C.L. Griffiths, 1994. Contributions of phototrophic and heterotrophic nutrition to the 
metabolic and growth requirements of four species of giant clam (Tridacnidae). Marine Progress Ecology 
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Table B4. Calcium carbonate. W = aLb, where W is the total shell weight (kg) 
and L is shell length (cm). 
 
Species n a b r2 
1) Australia 
Tridacna gigas - 1.56 × 10-5 2.92 0.98 
Reference: Belda, C.A., C. Cuff & D. Yellowlees, 1993. Modification of shell formation in the giant clam 
Tridacna gigas at elevated nutrient levels in sea water. Marine Biology, 117: 251–257. 
2) North Queensland, Australia 
Hippopus hippopus 14 1.85 × 10-4 3.02 0.97 
Tridacna crocea 16 2.05 × 10-5 3.51 0.99 
Tridacna gigas 68 4.76 × 10-5 3.11 0.99 
Tridacna squamosa 14 7.19 × 10-6 3.52 0.99 
Reference: Klumpp, D.W. & C.L. Griffiths, 1994. Contributions of phototrophic and heterotrophic nutrition to 
the metabolic and growth requirements of four species of giant clam (Tridacnidae). Marine Ecology 
Progress Series, 115: 103–115. 
3) Palau 
Tridacna derasa 46 5.63 × 10-6 3.97 0.93 
Reference: Heslinga, G.A., F.E. Perron & O. Orak, 1984. Mass culture of giant clams (F. Tridacnidae) in 
Palau. Aquaculture, 39: 197–215. 
4) Papua New Guinea 
Hippopus hippopus 49 1.00 × 10-4 3.26 - 
Tridacna gigas 34 1.28 × 10-4 3.15 - 
Tridacna maxima 66 6.05 × 10-5 3.41 - 
Tridacna squamosa 57 2.97 × 10-5 3.64 - 
Reference: Munro, J.L. & J. Gwyther, 1981. Growth rates and maricultural potential of tridacnid clams.  
Proceedings of the 4th International Coral Reef Symposium, Manila. Volume 2. Pp. 633-636. 
5) San Luis shell industries, Philippines 
Hippopus hippopus 100 2.90 × 10-4 2.79 0.96 
Hippopus porcellanus 69 3.18 × 10-5 3.38 0.96 
Tridacna gigas 160 9.54 × 10-5 3.17 0.92 
Tridacna squamosa 140 3.79 × 10-5 3.50 0.94 
Reference: Villanoy, C.L., A.R. Juinio & L.A. Menez, 1988. Fishing mortality rates of giant clams (Family 
Tridacnidae) from the Sulu Archipelago and Southern Palawan, Philippines. Coral Reefs, 7: 1–5. 
6) Singapore  
Tridacna squamosa 496 8.74 × 10-5 3.08 0.99 
Reference: This study 
7) Rose Atoll 
Tridacna maxima - 1.48 × 10-4 3.17 - 
Reference: Radtke, R., 1985. Population dynamics of the giant clam Tridacna maxima at Rose Atoll. 
Hawaii Institute of Marine Biology. University of Hawaii. 24 pp. 
8) Tonga 
Tridacna tevoroa 32 1.86 × 10-5 3.51 - 
Reference: Lucas, J.S., E. Ledua & R.D. Braley, 1991. Tridacna tevoroa Lucas, Ledua and Braley: A 
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APPENDIX C: GIANT CLAM SURVEY DATA (CHAPTER 4) 
 
 
Table C1. Details of giant clam survey sites (2009 – 2010) in Singapore. 
 
























Slope 6.4 Large foliose corals 










hindering light to 
corals 
17 Raffles Lighthouse RL01 100 2 1.5 
Coral reef (Big 






Slope 3.6 - 







Good coral cover, 
but no giant clams 









Good coral cover, 
thick Sargassum 





Low coral cover, 
big patches of sand 
(1 live clam) 





Sparse coral cover, 
sand patches with 
coral rubble/rock (2 
live + 1 dead clam) 





Soft sediments, few 
hard substrates 






rubbles, coral forms 








Rocks covered with 
large amount of 
Sargassum, highly 
encrusted 





















forest, little signs of 
bivalves 










present, good coral 
cover! (1 live clam) 







Flat 3.9 Many flatworms! Good coral cover 







Slope 5.4 Wall of Sargassum 





Sandy patch Flat 2.2 Good coral reef!  










Silty environment (1 
live clam) 
20 Lazarus LA01 1350 4 3 Rocky shore, Sargassum 
Few corals, 
silt, rocks Flat 
Inter-
tidal 
Slity environment, a 
lot of Sargassum 




Sand, rocks Flat Inter-tidal 
A lot of Sargassum 
and Bryopsis 
NOVEMBER 2009 





Small patches of 
Sargassum (1 live 
+ 1 dead clam) 
7 P. Hantu HA03 1600 6 2 Coral rubble, Sandy patch 
Sand, silt, few 
corals, rubble Flat 
Inter-
tidal 
Small patches of 
Sargassum; (1 live 
clam) 




corals, rubble Flat 3.2 
Small patches of 
Sargassum; 
Towards Southern 
part - no 
Sargassum, 
rubbles 







Small patches of 
Sargassum 
(lesser); (1 live + 2 
dead clams) 
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DECEMBER 2009 





Good day, low coral 
cover with low 
species diversity (1 
dead clam) 
5 P. Sudong SU01 6980 9 6 
Sandy patch 
with small 






Extremely low coral 
cover, poor rubble 
substrates, soft 
substrate (sinking!) 








Good visibility, no 
signs of clams 







10 P. Biola BI01 300 1 1.5 Coral reef, sargassum 
Corals, 
rubble, sand Crest 3.5 
Good visibility, no 
signs of clams 





Slight currents, no 
signs of clams 





Good day! (2 dead 
+ 1 live - clumping) 





Good day, little 
coral cover, no 
signs of giant clams 





Good day, little 
coral cover, no 
signs of giant clams 





Good day (1 live 
clam) 
24 P. Biola BI04 90 2 0.5 Coral reef, rubble Coral rubble 
Crest/
Slope 5.6 
Good day, no signs 
of burrowing clam 








No signs of clams, 
steep drop-off after 
5m 








No signs of clams, 
steep drop-off after 
5m 





No signs of clams, 
steep drop-off after 
5m 








Highly covered with 
bryopsis and 
sargassum (1 live 
clam) 
JANUARY 2010 








Highly covered with 
sargassum and 
zoanthids (7 dead 
clams) 








Highly covered with 
sargassum (1 live 
clam) 





Steep slope, poor 
visibility. No signs 
of clams 





sand Flat 3.6 
Numerous coral 
rubble and boulders 
but no signs of 
clams 
22 P. Sudong (SW) SU04 360 2 1.5 Coral reef 
Coral rubble, 
sand Crest 9.2 Large corals! 
22 P. Sudong (SW) SU05 440 3 1.5 Coral reef 
Coral rubble, 
sand Crest 8.9 Large corals! 
23 P. Pawai (W) PA04 425 2 1.5 Coral reef Coral rubble, sand 
Flat/ 
Crest 5.8 Large corals! 
23 P. Pawai (W) PA05 425 2 1.5 Coral reef, Sargassum 
Coral rubble, 
sand Flat 5.3 Large corals! 







Much area covered 
with rubbles (3 live 
clams) 





Much area covered 
with rubbles (4 live 
clams) 
FEBRUARY 2010 





Much area covered 
with silt  




sand Flat 4.8 Slity (1 live clam) 
5 Sakeng SA02 400 2 2 Coral reef, seawall 
Corals, rocks, 
slit Wall 8.1 Slity; Urchin fiesta 
5 P. Semakau SE09 180 2 1.5 Coral reef, seawall 
Corals, rocks, 
slit Wall 4.4 
Slity; Urchin fiesta 
(1 live clam) 
MARCH 2010 
18 P. Senang SN01 150 2 1.5 Coral reef Rubble, silt Crest 8.7 Much area covered with silt 
19 P. Pawai PA08 150 2 1.5 Coral rubble Rubble, sand, seagrass Flat 3.2 











tidal 1 clam! 
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3 Raffles Lighthouse RL04 
As 
RL02 2 1.5 Coral reef Corals Flat 3.7 1 clam! 
MAY 2010 




tidal 2 clams! 

















1 clam! (Previous 
clam was tagged) 







tidal 2 clams! 







tidal 1 clam! 





Sandy and many 
rubble flat, no signs 
of clam 







tidal 3 clams! 
JUNE 2010 






tidal 5 clams! 







tidal 3 clams! 




Flat Inter-tidal 1 clam! 




Flat Inter-tidal No clams 









tidal 1 clam! 
JULY 2010 
15 T. Pempang Tengah TPT01 2175 - 3 Coral rubble - - 
Inter-
tidal 1 clam! 
AUGUST 2010 







tidal 1 clam! 









tidal 1 clam! 
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Table C2. Distribution, abundance, and habitat details of giant clam species in 
Singapore. Refer to Table D1 for site descriptions. Abbreviations: Species – TC: 
Tridacna crocea; TS: Tridacna squamosa. Habitat Type – SC: soft coral; HC: hard 
coral; DC: dead coral; CR: coral rubble; SA: Sargassum; FAS: algae; CC: coral 
crevice. Substrate – SL: silt; SD: sand <5 mm; RK: rock >5 mm; RU: rubble. Reef 
Zone – RF: reef flat; RC: reef crest; RS: reef slope. 
 
ID 








001 TS Brown, mottled  RL01 - HC SD 2.7 RC Broodstock clams (not natural) 
002 TS Brown, green, motif RL01 - HC RU 2.5 RC Broodstock clams (not natural) 
003 TS Brown RL01 - HC SD/RK 3.0 RC 
Slightly bleached; 
Broodstock clams (not 
natural) 
004 TS Brown, mottled  RL01 - HC SD/RK 3.0 RC Broodstock clams (not natural) 
005 TS Brown, mottled  RL01 - HC RK 3.1 RC Broodstock clams (not natural) 
006 TS Brown, mottled  RL01 - HC SD 3.1 RC Broodstock clams (not natural) 
007 TS Green/blue, mottled RL01 - HC SD 3.1 RC Broodstock clams (not natural) 
008 TS Green/brown, mottled RL01 - HC RU 3.1 RC 
Broodstock clams (not 
natural) 
009 TS Brown, mottled  RL01 - HC SD 3.3 RC Broodstock clams (not natural) 
010 TS Brown, mottled  RL01 - HC SD/RU 3.3 RC Broodstock clams (not natural) 
011 TS Purplish-brown, blue dots RL01 - HC SD 3.3 RC 
Broodstock clams (not 
natural) 
012 TS Green/yellow RL01 - HC SD/RU 3.3 RF/RC 
Broodstock clams (not 
natural) 
013 TS Blue dots, mottled RL01 - CC/HC RK/RU 2.4 RF/RC 
Broodstock clams (not 
natural) 
014 TS Brown RL01 - HC SD/RK 2.4 RF/RC 
Broodstock clams (not 
natural) 
015 TS Brown RL01 - HC SD/RK 2.4 RF/RC 
Broodstock clams (not 
natural) 
016 TS Brown RL01 - HC SD/RK 2.4 RF/RC 
Broodstock clams (not 
natural) 
017 TS Green dots, mottled RL01 - HC RK/RU 2.4 RF/RC 
Broodstock clams (not 
natural) 
018 TS Brown RL01 - HC SD/RK 2.3 RF/RC 
Broodstock clams (not 
natural); dead on 26 
Oct.2009 
019 TS Brown RL01 - HC SD/RK 2.3 RF/RC 
Broodstock clams (not 
natural) 
020 TS Green/brown RL01 - CC/HC RK 2.3 RF/RC 
Broodstock clams (not 
natural) 
021 TS Brown, green, mottled SI02 10 CR SD/RU Intertidal RF Natural clam 
022 TC Yellow with black dots SE02 11 CR RU Intertidal RF 
Natural clam; when 
sampling, clam was 
stressed out 
023 TC Brown, yellow with black dots SE02 12 CR RU Intertidal RF Natural clam 
024 TS Brown KU03 13 CR/HC RU 2.9 RF 
Natural clam; Highly 
encrusted with 
sponges, with Bryopsis 
algae 
025 TS Brown, green spots SE05 14 CR SD/RU Intertidal RC 
Natural clam; Algae 
covering the scutes, 
high amount of epi-
cover 
026 TC Brown, yellow dots SE06 6 CR/HC SD/RU Intertidal RF 
Natural clam; Beside a 
sponge with short 
brown algae 
027 TC Brown, yellow dots HA03 9 CR SD/RU Intertidal RF 
Natural clam; Covered 
with slit (small tissue 
sample) 
028 TS Blue, brown, purplish RL02 15 CR/HC RU/SD 2.3 RF Natural clam; covered with scum 
029 TC Brown, blue central, yellow spots RL02 16 CR RU/RK 1.8 RF 
Natural clam; sponge-
encrusted 
030 TC Green, yellow-brown SE07 17 CR RU/Zoanthids Intertidal RF Natural clam 
031 TC 
Brownish yellow with 
beige mottled, green 
underside 
SE08 18 CR/S RU/Algae Intertidal RF 
Natural clam; covered 
with scum; TISSUE 
SAMPLE NOT 
COLLECTED! 




033 TC Brown, blue and green spots BI05 20 CR/S CR Intertidal RF 
Natural clam; some 
encrusted CCA, 
bryopsis 
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034 TS Brown SI04 21 CR/S SD/RU Intertidal RF Natural clam; covered with bryopsis 
035 TS Brown, blue spots SU05 23 HC SD/RU 4.1 RC Natural clam; Sponge-encrusted with scum 
036 TC Brown, yellow with black dots TBB01 24 CR/S RU/Algae Intertidal RF 
Natural clam; tube 
worm growing on shell 
037 TC Brown, yellow with black dots TBB01 25 CR/S RU Intertidal RF Natural clam 
038 TC Brown with green spots TBB01 26 CR/S 
RU/Zoanth
ids Intertidal RF Natural clam 
039 TC Brown, yellow with black dots TS01 27 CR 
RU/Brown 
algae Intertidal RF 
Natural clam; CCA 
encrusting 
040 TC Brown with green spots TS01 28 CR RU Intertidal RF 
Natural clam; CCA 
encrusting 
041 TC Brown, green spots TS01 29 CR RU Intertidal RF Natural clam; rock oyster on shell 
042 TC Brown, green spots TS01 30 CR RU Intertidal RF Natural clam; CCA encrusting; tube worm 
043 TC Purplish brown, blue edge RL03 31 CR RU 3.3 RF 
Natural clam; beside a 
orange buoy 
044 TS 
Brownish yellow with 
beige mottled, green 
underside 
SE09 32 CR RK 3.1 RF Natural clam; beside dead corals 
045 TS Brown and green spots BB02 33 CR SD Intertidal RF 
Natural clam; seagrass 
bed; scum 
encrustation 
046 TS Brownish with yellow spots RL04 NA HC SD 1.8 RF 
Natural clam, Besides 
Acropora hyacinthus 
(Near biola); corals 
(Slightly bleached) 
(DEAD) 
047 TC Brown with purple spots, yellow lines TR01 35 CR SD Intertidal RC Natural clam 
048 TS Stripes of green with brown TR01 36 CR SD Intertidal RC 
Natural clam; 
encrusted and covered 
with some seaweed 
049 TS Brown, blue and green spots JO03 37 CR SD/RU/RK Intertidal 
RF/R
C 
Natural clam; shell 
covered with sand 
050 TS Brown with yellow spots JO03 38 CR SD/RU/RK Intertidal 
RF/R
C 
Natural clam; shell 
covered with soft 
corals but removed 





Natural clam; shell 
covered with scum! 
052 TC Yellowish-green with black spots TSE01 40 CR SD/RU Intertidal 
RF/R
C 
Natural clam; seaweed 
surrounding the clam 
053 TC Brownish yellow with stripes TSE01 41 CR SD/RU Intertidal 
RF/R
C 
Natural clam; CCA 
encrusting the shell 
054 TS Brownish with green and yellow spots PB02 42 CR SD Intertidal 
RF/R
C 
Natural clam; shell 
encrusted with 
seaweed 
055 TC Browni, blue edged, yellow spots BI06 43 CR RU Intertidal 
RF/R
C 
Natural clam, some 
tiny hydroids on shell 
056 TS Brown with green edge BI06 44 CR SD Intertidal RF 
Natural clam; covered 
with scum, CCA, looks 
healthy 
057 TS 
Brown, mottled with 
yellow spots, blue-
green faints 
BI06 45 CR SD Intertidal RF 
Natural clam; covered 
with sponge, seaweed, 
healthy shell growth 
058 TC Brown, yellow edge, blue-green pigment SL01 46 CR RU Intertidal 
RF/R
C 
Natural clam; shell 
covered with CCA 
059 TC Yellow-brown SL01 47 CR RU Intertidal RF/RC 
Natural clam; shell 
covered with CCA 
060 TC Brown and yellow SL01 48 CR RU Intertidal RF/RC 
Natural clam; covered 
with sand 
061 TC Brown with black spots SL01 48 CR RU Intertidal 
RF/R
C 
Natural clam; covered 
with sand 
062 TS Brown, yellow stripes across midline SL01 49 CR SD Intertidal 
RF/R
C 
Natural clam; small 
and looks like a new 
baby! 
063 TS 
Brown spots along 
mantle, yellow 
stripes 
SN02 50 CR SD/RU Intertidal RF/RC 
Natural clam; small 
and looks like a new 
baby! 
064 TC Mottled brown with yellow spots SN02 51 CR RU Intertidal 
RF/R
C 
Natural clam; covered 
with scum 
065 TC Mottled brown with yellow spots SN02 52 CR RU Intertidal 
RF/R
C 
Natural clam; covered 
with scum 
066 TS Brown-green, mottled CY02 53 CR SD Intertidal RF Natural clam 
067 TC Brown-mottled with yellow spots TPD01 54 CR RU Intertidal 
RF/R
C Natural clam 
068 TS Brown with yellow center 
SE (31 
July) 55 CR CR/SD Intertidal RC Natural clam 
069 TC Brown and yellow SN03 56 CR CR Intertidal RC Natural clam 
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Table C3. Survey sightings of giant clams provided by external surveyors. Data were 
included into the Chapter 4ʼs survey results but mantle tissues were not sampled. 
Abbreviations: Species – TC: Tridacna crocea; TS: T. squamosa. 
 
Species Location Remarks Surveyor 
TS Pulau Hantu Coral reef slope Toh Chay Hoon 
TS Pulau Semakau Coral rubble zone Ron Yeo 
TS Pulau Semakau Coral rubble zone Ron Yeo 
TS Pulau Pawai Western reef Jani Tanzil 
TS Terumbu Pempang Tengah Coral rubble zone Lin Juanhui 
TS Terumbu Semakau Shore side Andy Dinesh 
TS Kusu Island Western tip of seawall Toh Tai Chong 
TC Pulau Biola Western reef; Found on coral head Jani Tanzil 
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Table C4. Taphonomic characteristics of collected shells from surveys. Abbreviations: 










































































S 1, 7, 9 Yes 
TC T. Semakau 94.81 112 2, sculpture present 4 3 2 S 1, 3, 4, 6, 7, 9 Yes 
HH T. Raya 1580.14 321 1 1, 2 3 2 P 1, 3, 4, 5, 6, 7, 9 Yes, 1, 2 
HH T. Raya 1471.94 321 1 1, 2 3 2 P 1, 3, 4, 5, 6, 7, 9 Yes, 1, 2, 3 
TS Beting Bemban Besar 858.42 250 1 1, 3 3 3 S 1, 3, 4, 7, 8, 9 Yes, 2, 3 
TS Semakau 3750.00 362 2, holes 1, 3 3 3 S 1, 3, 4, 5, 6, 7, 8, 9 Yes, 1, 3 
HH T. Berkas Besar 385.66 170 2, holes 4 4 3 S 1, 4, 7, 8, 9 Yes, 2, 3 
HH Semakau 317.70 172 1 4 3 1 S 1, 5, 8 No 
HH T. Semakau 357.52 209 1 2 3 2 S 1, 4, 6, 7, 9 Yes, 2, 3 
TS T. Bemban 274.15 178 2 5 4 3 S 1, 4, 9, 10 (Limpet) Yes 
HH T. Berkas Besar 211.58 162 2 1, 4 3 3, heavy pitting S 1, 3, 4, 7, 8, 9 Yes, 2, 3 
HH Cyrene 152.44 152 2 1, 4 3 3, heavy pitting S 1, 4, 5, 7, 8, 9 Yes, 1, 4 
HH Cyrene 90.82 146 2 1, 4 3 3, heavy pitting S 1, 2, 3, 4, 7, 8, 9 Yes, 1, 2 
TC Senang 120.12 124 2 1, 4 4 3, heavy encrustation S 
1, 3, 4, 5, 7, 8, 9, 
10 (Chiton) Yes, 1, 2 
TC Tekukor 159.23 128 1 0 2 1 S 1, 3, 7, 9 Yes, 2, 4 
TC Tekukor 98.61 123 2 1, 4 3 3 S 1, 4, 7, 8 Yes, 2, 3 
TC T. Raya 76.64 115 1 0 3 2 S 1, 3, 4, 7, 9 Yes, 2, 6 
HH Cyrene 99.02 - 1 1, 2 3 1 S 1, 2, 7, 9 No 
TC Big Sisters 75.49 111 1 4 3 2 S 1, 4, 7, 8 No 
TC Tekukor 69.09 108 2 4 3 3 S 1, 3, 7, 8, 9 Yes, 2, 3, 6 
TM Hantu 46.64 100 1 4 3 1 S 1, 6, 7, 9 Yes 
TS Cyrene 73.74 123 2 4 3 3 S 1, 3, 4, 5, 7, 8, 9 Yes, 2, 3 
TC Beting Bemban Besar 45.01 96 2 1, 4 3 3 S 1, 3, 6, 7, 8 Yes, 4 
TC Beting Bemban Besar 6.29 50 1 0 3 3 S 0 Yes 
TC T. Berkas Besar 72.28 82 2 1, 4 3 3 S 0 Yes 
TC T. Berkas Besar 63.28 93 2 1, 2 3 3 S 1, 6, 7, 8 Yes, 2, 5 
TC Tekukor 28.33 90 2 1, 5 3, black tinge 3 S 1, 3, 4, 7 Yes, 2, 5 
TM Tekukor 13.66 75 1 1, 4 3, black tinge 1 S 4 No 
TM Tekukor 16.68 74 1 0 3, black tinge 1 S 1, 3, 7 No 
TM T. Berkas Besar 16.49 75 2 1, 4 3 3 S 1, 4, 7, 8 Yes, 5 
TM T. Berkas Besar 16.78 65 0 0 2 0 S 1, 7, 9 No 
TM T. Berkas Besar 9.56 53 1 1, 4 3 1 S 0 No 
T T. Berkas Besar 45.02 88 2 1, 4 4 3 S 1 No 
TM Cyrene 26.05 81 2 1, 2 3 4 S 1, 7 Yes, 5 
TC T. Berkas Besar 1.60 29 0 0 1 0 S 0 No 
TC T. Berkas Besar 1.26 30 1 0 2 1 S 0 No 
TC T. Pempang Darat 1.83 32 1 1, 2 3 1 S 1 No 
TC Berlayar Creek 22.83 68 0 0 2 0 S 1, 2 No 
HH Berlayar Creek 806.37 - 2 5 3 3 S 1, 4 Yes, 3 
 
Legend for taphonomic characters examined: 
Scale Abrasion Edge Alteration Discolouration Dissolution Disarticulation Encrustation Boring 
0 Unbraded Natural  Undissolved Paired valves None No boring 
1 Sculpture eroded, no holes Chipped Original 
Surface chalky; minor 
pitting Single valve Worm tubes Sponge 
2 Deeply eroded Fragmented; sharp edge Original but faded 
Surface pitting 
moderate to heavy Barnacles Worm 







4 Fragmented; edge smooth 
Dark gray and 
black Bivalve Root etching 
5 Fragmented; edge thin Sponge Grazing 
6 Coral Bryozoan 
7 Calcareous algae 
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APPENDIX D: POPULATION GENETICS (CHAPTER 4) 
 
Table D1. Reference numbers for respective giant clamʼs mantle tissue samples used 
in the genetic analyses. 
 
Genus Species Location n Sample Ref # 
Pulau Hantu 1 TC27 
Terumbu Pempang 
Darat 1 TC67 
Terumbu Pempang Laut 1 TC70 
Pulau Semakau 4 TC22, TC23, TC26, TC30 
Terumbu Semakau 2 TC52, TC53 
Pulau Salu 4 TC58–61 
Terumbu Salu 4 TC39–42 
Terumbu Berkas Besar 3 TC36–38 
Pulau Senang 3 TC64, TC65, TC69 





Raffles Lighthouse 2 TC29, TC43 
Cyrene 1 TS66 
Kusu Island 1 TS24 
Sisters' Island 2 TS21, TS34 
Pulau Jong 2 TS49, TS50 
Pulau Semakau 3 TS25, TS44, TS68 
Terumbu Raya 1 TS48 
Beting Bemban Besar 2 TS45, TS51 
Pulau Salu 1 TS62 
Pulau Berkas 1 TS54 
Pulau Sudong 1 TS35 
Pulau Senang 1 TS63 





Raffles Lighthouse 1 TS28 
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APPENDIX E: LARVAL DISPERSAL MODELLING (CHAPTER 5) 
 
Table E1. The reproductive cycle patterns in six species of giant clams. Colour blocks 
represent the state of gonads observed; (*) represented spontaneous spawning while 
no symbols represented induction spawning. 
 
Hippopus hippopus 
Reference Locality Year J F M A M J J A S O N D 
      ʻ28 ʻ28 ʻ28 ʻ28 ʻ28 ʻ28 Stephenson, 1934 Great Barrier Reef 
Jul 1928 - Jun 
1929 ʻ29 ʻ29 ʻ29 ʻ29 ʻ29 ʻ29       
Jameson, 1976 Palau Jun - Aug 1974             
Yamaguchi, 1977 Palau N.A.       *      
Beckvar, 1979 Palau 1978 - 1979    ʻ79  ʻ78 ʻ78      
     ʻ77 ʻ77  ʻ77 ʻ77 ʻ77 ʻ77 Gwyther & Munro, 
1981 
Papua New 
Guinea 1977 -1980   ʻ78   ʻ78       





Jul - Sept 1982             
 ʻ85  ʻ85 ʻ85  ʻ85 ʻ85 ʻ85 ʻ85 ʻ85 ʻ84 Alcala et al., 1986 Philippines Dec 1984 - Apr 1985  ʻ86 ʻ86 ʻ86         




Jun 1986 - Jun 
1987 ʻ87 ʻ87 ʻ87 ʻ87 ʻ87 ʻ87       
Alcazar et al., 
1993 Philippines 
Dec 1984 - 
Mar 1992        ʻ85  ʻ91   
Tridacna crocea 
Reference Locality Year J F M A M J J A S O N D 
Jameson, 1976 Palau 
Jun - Aug 
1974 
            
Murakoshi, 1978 Okinawa Jun 2, 1975             




Oct 1986 - Dec 
1987 ʻ87 ʻ87 ʻ87 ʻ87 ʻ87 ʻ87 ʻ87 ʻ87 ʻ87 ʻ87 ʻ87 ʻ87 
Hart et al., 1998 Solomon Islands Jul 21, 1994 
            
Tridacna derasa 
Reference Locality Year J F M A M J J A S O N D 
Jameson, 1976 Palau Jun - Aug 1974 
            
Beckvar, 1979 Palau 1979             
Hart et al., 1998 Solomon Islands Feb 28, 1994 
            
Tridacna gigas 
Reference Locality Year J F M A M J J A S O N D 
Beckvar, 1979 Palau 1978 - 1979       ʻ79*  ʻ79* ʻ78/79*   
      ʻ77 ʻ77*   ʻ77 ʻ77 
     ʻ78  ʻ78     
         ʻ79 ʻ79 ʻ79 
Gwyther & Munro, 
1981 
Papua New 
Guinea 1977 - 1980 
ʻ80 ʻ80 ʻ80          





Jul - Sept 1982             
Crawford et al., 
1986 
Great Barrier 
Reef 1985             
          ʻ78 ʻ78 
ʻ79 ʻ79 ʻ79 ʻ79 ʻ79 ʻ79 ʻ79 ʻ79 ʻ79 ʻ79 ʻ79 ʻ79 Nash et al., 1988  Great Barrier Reef 
Nov 1978 - 
Jan 1980 ʻ80            
ʻ84 ʻ84 ʻ84 ʻ84 ʻ84 ʻ84 ʻ84 ʻ84 ʻ84 ʻ84 ʻ84 ʻ84 Braley, 1988 Great Barrier Reef 
Jan 1984 - 
Dec 1985 ʻ85 ʻ85 ʻ85 ʻ85 ʻ85 ʻ85 ʻ85 ʻ85 ʻ85 ʻ85 ʻ85 ʻ85 
Braley & Muir, 
1995 Lizard Island 1985 - 1986             
Gomez et al., 2000 Philippines Oct 21, 1985             
Tridacna maxima 
Reference Locality Year J F M A M J J A S O N D 
LaBarbera, 1975 Fiji Jun - Aug 1975             
          ʻ73 ʻ73 
ʻ74 ʻ74 ʻ74 ʻ74 ʻ74 ʻ74 ʻ74 ʻ74 ʻ74 ʻ74 ʻ74 ʻ74 Jameson, 1976 Guam Nov 1973 - Mar 1975 ʻ75 ʻ75           
        ʻ77  ʻ77 ʻ77 
     ʻ78  ʻ78     
 ʻ79  ʻ79 ʻ79 ʻ79    ʻ79 ʻ79  
Gwyther & Munro, 
1981 
Papus New 
Guinea 1977 - 1980 
   ʻ80         
           ʻ84 Alcazar & Solis, 
1986 Philippines 
Dec 1984 - Oct 
1985 ʻ85 ʻ85* ʻ85 ʻ85   ʻ85   ʻ85*   
Hart et al., 1998 Solomon Island Oct 6, 1994             
  ʻ96 ʻ96 ʻ96 ʻ96 ʻ96 ʻ96 ʻ96 ʻ96 ʻ96 ʻ96 Tan & Yasin, 1998 Tioman Islands 
Mar 1996 - Jul 
1997 ʻ97 ʻ97 ʻ97 ʻ97 ʻ97 ʻ97 ʻ97      
Tridacna squamosa 
Reference Locality Year J F M A M J J A S O N D 
Rosewater, 1965 Marshall Feb - Mar             
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Islands 1963 
Hardy & Hardy, 
1969 
Caroline 
Islands, Palau Feb 28, 1968             
LaBarbera, 
1974/1975 Fiji 
Jun - Aug 
1972             
Beckvar, 1979 Palau 1978   *          
  ʻ77   ʻ77 ʻ77 ʻ77   ʻ77 ʻ77 
     ʻ78       Gwyther & Munro, 1981 
Papua New 
Guinea 1977 - 1980    ʻ80         





Feb - Mar 
1980             
        ʻ85 ʻ85 ʻ85 ʻ85 Solis, 1987 Carbin Reef, Philippine 
Sept 1985 - 






N.A.             
Adib et al., 1993 Redang Island N.A.             
Foyle et al., 1997 Solomon Islands 1992, 1993           ʻ93 ʻ92 
  ʻ96 ʻ96 ʻ96 ʻ96 ʻ96 ʻ96 ʻ96 ʻ96 ʻ96 ʻ96 




Mar 1996 - Jul 
1997 ʻ97 ʻ97 ʻ97 ʻ97 ʻ97 ʻ97 ʻ97      
  ʻ97 ʻ97     ʻ97 ʻ97 ʻ97 ʻ97 Tioman 
Archipelago ʻ98 ʻ98 ʻ98 ʻ98         




Mar 1997 - Jul 
1998 
    ʻ98 ʻ98 ʻ98      
Calumpong et al., 
2003 
Carbin Reef, 
Philippine Mar 16, 2000             
Guest et al., 2008 Singapore 2004             
Neo et al., 2011 Singapore 2007             
 
Legend for colour codes and symbols: 
 
Induction No symbol Method of spawning Spontaneous * 
Ripening of gonads  
Mature eggs/breeding  
Varying ripeness  State of gonads 
No spawning activity/spent  
 
 




Figure E1. ZUNO-DD grid of Southern Islands, Singapore Straits with 28 clam points 





Figure E2. Local connectivity analyses for transport of giant clam larvae. Transport 
success of settled larvae is indicated by summation of bottom larvae for each reef 
cluster. 
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APPENDIX F: PHYLOGENETIC ANALYSES OF GIANT CLAMS ON 
SINGAPOREʼS REEFS AND REGIONAL REEFS (CHAPTER 10) 
MATERIALS AND METHODS 
Sequence compilation and editing. – COI sequences from four giant clam 
species (Tridacna crocea, T. derasa, T. maxima, and T. squamosa) were 
retrieved from GenBank. Table F1 summarises the number of COI sequences 
retrieved for analysis, and the outgroup species used was Cerastoderma 
glaucum. The sequences were aligned using ClustalX Multiple Sequence 
Alignment Program v2.0.12 (Thompson et al., 1997). Alignments were 
manually checked, to ensure that they were gap-free and translated to amino 
acids, to ensure that no stop codons were present within the protein-coding 
sequences in MEGA v5.0 (Tamura et al., 2011) before being exported into 
Arlequin v3.5 (Excoffier & Lischer, 2010), TCS v1.21 (Clement et al., 2000), 
and MEGA v5.0 (Tamura et al., 2011) for further analyses. 
 
Table F1. Summary of COI sequences retrieved for phylogeny analysis. 
Abbreviations of sites in brackets (under ʻLocalityʼ). 
 
Species Locality 
No. of sequences 
used for phylogeny 
analyses 
No. of sequences 
used for haplotype 
analyses 
Denmark (DEN) 2 
Finland (FIN) 2 Cerastoderma glaucum (Outgroup species) Sweden (SWE) 2 
 
Indonesia (IND) 35 31 
Singapore (SIN) 27 27 
Taiwan (TAIWAN) 1 1 Tridacna crocea 
Thailand (THAI) 13 13 
Tridacna derasa Unknown (TD) 1  
French Polynesia 
(FP) 6 
Indonesia (IND) 28 
Kenya (KENYA) 7 
Taiwan (TAIWAN) 1 
Tridacna maxima 
Thailand (THAI) 19 
 
Indonesia (IND) 34 31 
Jordan (JORDAN) 3 
Kenya (KENYA) 2  
Malaysia (MAL) 3 3 
Tridacna squamosa 
Singapore (SIN) 20 20 
 
Phylogenetics, population structures, and gene flow. – Phylogenetic 
patterns among tridacnid species were explored with neighbour-joining 
analysis, and then using the model/method maximum composite likelihood to 
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analyse a subset of sequences representing the phylogenetic diversity in a 
neighbour-joining (NJ) tree. Branch support was assessed on the basis of 
1000 random-addition bootstrap replicates. Patterns of genetic structure were 
examined using analysis of molecular variance (AMOVA) in Arlequin v3.5 
(Excoffier & Lischer, 2010). AMOVA analyses of population genetic structure 
in Arlequin are based on haplotypic data, such that identical sequences were 
considered a single haplotype, and haplotype sequences were clustered 
using countries as localities to improve rigor of FST analysis. For T. crocea 
and T. squamosa respectively, genetic relationships among haplotypes from 
different localities were inferred using parsimony networks generated by TCS 
v1.21 (Clement et al., 2000), and the statistical parsimony procedure followed 
Crandall (1994) and Templeton et al. (1992). This method estimates the 
maximum number of differences among haplotypes due to single 
substitutions with a 95% parsimony connection limit (Posada & Crandall, 
2001). Outgroup weights were calculated following Castelloe & Templeton 
(1994) that predicts the oldest haplotype based on the neutral coalescent 
theory applied to intraspecific networks (Crandall & Templeton, 1993). 
 
Historical demography. – For T. crocea and T. squamosa respectively, the 
null hypothesis for neutral evolution of the COI marker was tested using 
Tajimaʼs D test (Tajima, 1989) and Fuʼs Fs test (Fu, 1997) with 1000 
permutations implemented in Arlequin v3.5. Harpendingʼs raggedness index 
(HRI, Harpending, 1994), based on mismatch distribution analyses, was also 
assessed using Arlequin v3.5 (1000 permutations). The sudden population 
expansion model is rejected when a significant HRI value (p<0.05) is obtained 
(Schneider & Excoffier, 1999). 
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RESULTS 
Genetic diversity. – Haplotype diversity was similar for both species, but T. 
crocea had overall higher nucleotide diversity than T. squamosa (Table F2). 
From the 72 T. crocea individuals, 46 unique COI haplotypes were obtained, 
with 63 polymorphic sites and 64 substitutions (60 transitions, 4 
transversions) from 391-bp fragments. From the 54 T. squamosa individuals, 
36 unique COI haplotypes were obtained, with 44 polymorphic sites and 46 
substitutions (33 transitions, 13 transversions) from 397-bp fragments. 
 
Table F2. Population structures of Tridacna crocea and T. squamosa individuals: 
number of sequences (n), number of haplotypes (Nhp), haplotype diversity (hp), 
nucleotide diversity (π), Tajimaʼs D, Fuʼs Fs and Harpendingʼs raggedness index 
(HRI). (*p<0.05; NS, not significant). 
 
Historical demography. – For T. crocea, the null hypothesis of neutral 
evolution of COI marker could not be rejected for most sites based on 
Tajimaʼs D test, whereas the results of Fuʼs Fs test rejected the null 
hypothesis for most sites (Table F2). For T. squamosa, the null hypothesis of 
neutral evolution of COI marker could be rejected for most sites as Tajimaʼs D 
and Fuʼs Fs tests were significant (Table F2). Negative values suggest that 
both giant clam populations have undergone recent population expansions, 
and the mismatch distribution analysis mostly supported this, except HRI for 
IND T. squamosa was significant. Non-significant HRI values mean that the 
sudden population expansion model cannot be rejected for either population. 
 
Genetic population structure and gene flow. – Assuming no a priori 
structure, AMOVA analyses showed that T. crocea populations are highly 
structured (FST = 0.421; p<0.05), with 42.09% of variance among populations 
within region, and 57.91% within populations (Table F3). For T. crocea, 
Genetic diversity Neutrality tests Mismatch distribution Species Locality 
n Nhp hp π (%) Tajimaʼs D 
Fuʼs 
Fs HRI 
ALL 72 46 0.96 ± 0.015 2.25 ± 1.16 -1.08NS -24.58* 0.010NS 
SIN 27 10 0.85 ± 0.041 0.85 ± 0.50 -1.03NS -0.59NS 0.044NS 
IND 31 26 0.98 ± 0.016 1.79 ± 0.96 -1.68* -16.64* 0.018NS 
THAI 13 13 1.00 ± 0.030 2.36 ± 1.31 -0.80NS -6.09* 0.034NS 
Tridacna 
crocea 
TAIWAN 1 1 - - - - - 
ALL 54 36 0.95 ± 0.021 0.74 ± 0.44 -2.36* -26.45* 0.046NS 
SIN 20 6 0.72 ± 0.088 0.34 ± 0.25 -1.59* -1.34NS 0.169NS 
IND 31 30 0.99 ± 0.009 0.92 ± 0.53 -2.25* -25.99* 0.073* 
Tridacna 
squamosa 
MAL 3 3 1.00 ± 0.272 1.01 ± 0.86 0.00NS 0.13NS 0.222NS 
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pairwise FST-values suggest strong genetic structures between Thailand and 
others (i.e. Indonesia, Singapore, and Taiwan; FST>0.4), but non-significant 
for Taiwan (Table F4). Panmixis may have occurred between T. crocea 
populations in Indonesia and Singapore (FST = 0.015), but this is non-
significant (Table F4). 
 
Table F3. Summary of analysis of molecular variance of Tridacna crocea and T. 
squamosa phylogeographic structure among populations within region and within 
populations. (*p<0.05). 
 








within region 3 109.174 2.17071* 42.09 
Within populations 68 203.090 2.98661 57.91 
Total 71 312.264 5.15732  
T. crocea 
FST = 0.42090* 
Among populations 
within region 2 5.693 0.10051* 6.66 
Within populations 51 71.789 1.40762 93.34 
Total 53 77.789 1.50813  
T. squamosa 
FST = 0.06664* 
 
Table F4. Pairwise FST-values between populations of Tridacna crocea and T. 
squamosa in the region. For abbreviations of sites, see Table F1. (*p<0.05; **p<0.01; 
***p<0.001; NS, not significant). 
 
Tridacna crocea (FST-values) Tridacna squamosa (FST-values) 
 TAIWAN THAI SIN IND  SIN MAL IND 
TAIWAN 0.000    SIN 0.000   
THAI 0.450NS 0.000   MAL 0.209NS 0.000  
SIN 0.099NS 0.663*** 0.000  IND 0.049** 0.107* 0.000 
IND -0.353NS 0.534*** 0.015NS 0.000  
 
On the contrary, with no a priori structure, T. squamosa populations are 
weakly structured (FST = 0.067; p<0.05), with 6.66% of variance among 
populations within region, and 93.34% within populations (Table F3). For T. 
squamosa, pairwise FST-values suggest strong genetic structures between 
Malaysia and others (i.e. Indonesia and Singapore; FST>0.1), but non-
significant for Singapore (Table F4). Panmixis may also have occurred 
between T. squamosa populations in Indonesia and Singapore (FST = 0.049; 
p<0.01) (Table F4). 
 
The distribution of haplotypes for T. crocea and T. squamosa from various 
countries is shown in Figs. F1 and F2, respectively. Tridacna crocea found 
within Indonesia, Singapore, Taiwan, and Thailand (Fig. F1) showed relatively 
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high diversity amongst conspecifics (46 haplotypes amongst 72 sequences), 
giving rise to two distinct networks. Haplotypes from Singapore are most 
closely related to those found in Indonesia, either sharing same haplotypes or 
differing by several mutational steps (Fig. F1a). Haplotypes from Thailand are 
distinctive from Singaporeʼs, but may share some connectivity with those from 
Indonesia (Fig. F1b). Outgroup weight calculations suggested that starred 
haplotype () (outgroup weight = 0.216) was the ancestral haplotype for T. 




Figure F1. Tridacna crocea. Minimum spanning networks using 391-bp fragment from 
the COI gene. A and B are two separate networks resulting from the haplotype 
analysis. Each circle on the network represents a unique COI haplotype. Colour-
coded circles = unique locality. Open circles on lines connecting haplotypes = single 
putative mutations. Lines join all haplotypes within a 95% statistical confidence 
parsimony network. The star refers to the ancestral haplotype of the network. 
 
When compared to T. crocea, diversity of T. squamosa is lower with higher 
relatedness amongst individuals in the region (36 haplotypes amongst 54 
sequences). Haplotypes from Singapore are most closely related to those 
from Indonesia, while differing from Malaysia by a few mutational steps (Fig. 
F2). Outgroup weight calculations obtained from TCS suggested that starred 
haplotype () (outgroup weight = 0.219) was the ancestral haplotype for T. 
squamosa, mostly found in Singapore. 





Figure F2. Tridacna squamosa. Minimum spanning network using 397-bp fragment 
from the COI gene. Each circle on the network represents a unique COI haplotype. 
Colour-coded circles = unique locality. See Fig. F1 for definitions.  
 
Phylogenetic tree for giant clam species using COI. The overall NJ tree 
produced in this study (Fig. F3) is consistent with the results of previous 
phylogeny studies (Maruyama et al., 1998; Schneider & Foighil, 1999). 
Previous phylogentic trees showed that three tridacnids, T. crocea, T. 
maxima, and T. squamosa were very closely related, while T. derasa and T. 
gigas were relatively distant from the former species (Maruyama et al., 1998; 
Schneider & Foighil, 1999). Here, T. derasa was the most basal compared to 
the others, and T. maxima (Fig. F6) was the sister taxon to T. crocea (Fig. F4) 
+ T. squamosa (Fig. F5). While the bootstrap values for the positions of 
individual T. crocea and T. squamosa are least supported (bootstrap 
values<10%), Singapore tridacnids (indicated by ʻSINʼ) were mostly nested 
within sequences obtained from Indonesia (indicated by ʻINDʼ). Coupled with 
the earlier results from genetic structures, it further confirms the high 
relatedness between the Singapore and Indonesian tridacnids (both T. crocea 
and T. squamosa). 




Figure F3. Phylogenetic tree of giant clam species, calculated by Neighbor-Joining 
(NJ) method adopting the Maximum Composite Likelihood model. Numbers at the 
nodes are the bootstrap values for the clades in 1000 replications. The coloured 
boxes indicate the positions of Tridacnid species (TC, TD, TM, TS) and outgroup 
species, Cerastoderma glaucum. 
 
 


















































of Tridacna crocea 
branch from the 
main NJ tree in 
Figure F3. 
Numbers at the 
nodes are the 
bootstrap values for 
the clades in 1000 
replications. 




Figure F5. Phylogenetic tree of Tridacna squamosa branch from the main NJ tree in 
Figure F3. Numbers at the nodes are the bootstrap values for the clades in 1000 
replications. 




Figure F6. Phylogenetic tree of Tridacna maxima branch from the main NJ tree in 
Figure F3. Numbers at the nodes are the bootstrap values for the clades in 1000 
replications. 
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SUMMARY 
For decades, giant clams in Singapore have been subjected to anthropogenic 
impacts such as fishing, coastal development and sediment pollution 
(Dawson & Philipson, 1989; Chou, 1999) making their study and 
conservation, a priority for local reef managers. The majority of neutrality tests 
(Tajimaʼs D and Fuʼs Fs) reflected recent population expansions (Tajima, 
1989; Fu, 1997), if mismatch analyses were non-significant. Similar signs of 
population expansions were found in T. crocea (DeBoer et al., 2008; 
Kochzius & Nuryanto, 2008) and T. maxima (Nuryanto & Kochzius, 2009) in 
the Indo-Malay Archipelago. Tridacna crocea populations showed strong 
genetic structures, with FST-values comparable to previous studies (e.g. 
DeBoer et al., 2008; Kochzius & Nuryanto, 2008). On the NJ tree, T. crocea 
individuals were highly branched – an indication of higher overall genetic 
diversity amongst different populations. On the contrary, T. squamosa 
populations had much lower FST-values and haplotype network was 
moderately homogenous across the different countries, suggesting panmixis 
between populations on the regional scale. There is also evidence supporting 
the relatedness of individuals from Singapore and Indonesia for both T. 
crocea and T. squamosa. Although there may be some connectivity of local 
giant clams with the regional populations (i.e. those from Indonesia), the 
existing numbers in Singapore are not reproductively viable. 
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APPENDIX G: GENERAL GIANT CLAM QUESTIONNAIRE 
 
Table G1. A sample of the questionnaire given out during the 12th International Coral 
Reef Symposium, Cairns, Queensland, Australia held in Jul.2012. 
	  
This survey should not take more than 10 minutes of your time. The information will be used as part of a 
National University of Singapore studentʼs PhD thesis on giant clams. Please answer the questions in order 
and avoid altering your previous answers. We greatly appreciate your contribution! 
 
SECTION A: Field Experience 
    
   1) Particulars 
 
  Gender:    Male    Female Education:   Bachelorʼs    Masterʼs    PhD    Others 
 




2) Please indicate how long you have been working on coral reefs: 
 
     a) In total:   ____________ (Years) ____________ (Months) 
 
     b) Specifically to the above region defined on the map:  _________ (Years) _________ (Months) 
 
SECTION B: General Knowledge 
   
1) Do you know how many extant giant clam species there are?  
If so, how many?               Yes: _______ (Number)                       No 
 
  2) Are giant clams CITES-protected?           Yes      No      Not sure 
 
3) What is the deepest depth that giant clams have been found? 
  Down to 40m 
  Down to 30m 
  Down to 50m  
  Not sure 
 
  4) Which one of the following statements is FALSE? 
  Giant clams comprise of three genera. 
  Juveniles can move about on substrate. 
  Giant clams are hermaphrodites. 
  Giant clams have symbiotic algae  
within their mantles. 
 
  5) Which one of the following giant clam species is the largest? 
  Tridacna maxima 
  Tridacna gigas 
  Tridacna rosewateri 
  Not sure 
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  6) List 3 human uses for giant clams, historical and/or present?  
 
1. ___________________   2. ______________________   3. _______________________ 
 
SECTION C: Threats  
 
1) Do you think that giant clam populations are threatened?           Yes      No      Not sure 
 
2) If you answered “yes” to the previous question, which of the following do you think are the three most 
important threats? Tick the boxes below. 
 
        Scientific research 
        Harvesting (for shell and aquarium trade) 
        Industrial and urban pollution 
        Sedimentation (natural) 
        Bleaching events 
        Natural disasters (storms/cyclones) 
        Vessel groundings 
        Diseases 
        Sedimentation (man-made) 
        Tourism (direct contact with giant clams) 
        Harvesting (for consumption) 
        Habitat loss 
 






SECTION D: Ecological Importance 
 
1) Please indicate your level of agreement with the following statement:  
“Giant clams are an ecologically important component of coral reefs.” 
 
  1 – Strongly disagree 
  2 – Disagree 
  3 – Neutral 
  4 – Agree  
  5 – Strongly agree 
  
2) What ecological role(s) do giant clams fulfill? Please list them in the spaces below. Then rank their 
importance, with 1 being most important. (You do not need to fill up all the spaces provided) 
 
  __________________________ 
  __________________________ 
  __________________________ 
  __________________________ 
  __________________________ 
  __________________________ 
  __________________________ 






-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  THE	  END	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	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Table G2. Overall results obtained from the questionnaire (raw data). 
 
SECTION A: Field Experience 
Questions Categories Total Tally 
Male 65 Gender (n = 125) Female 60 
Bachelorʼs  18 
Masters 38 
PhD 65 Education (n = 125) 
Nil responses 4 
µ = 100.5 ± 8.1 months 
Range: 1 – 516 months 122 Total length of work on coral reefs  
Non-reef scientists 3 
µ = 88.6 ± 7.9 months 
Range: 1 – 384 months 107 Length of work on coral reefs specified in the region (see map) Non-regional reef scientists 18 
 
SECTION B: General Knowledge (*Correct answer to the question) 














1) Do you know how many extant 
giant clam species there are? If so, 
how many? 
No answer 1 
Yes* 54 
No 8 
Not sure 59 2) Are giant clams CITES-protected?  
No answer 4 
Down to 30m 27 
Down to 40m* 9 
Down to 50m 16 
Not sure 69 
3) What is the deepest depth that 
giant clams have been found? 
No answer 4 
Giant clams comprise of three genera.* 54 
Juveniles can move about on substrate. 35 
Giant clams are hermaphrodites. 18 
Giant clams have symbiotic algae within 
their mantles. 5 
4) Which one of the following 
statements is FALSE? 
No answer 13 
Tridacna maxima 15 
Tridacna gigas* 66 
Tridacna rosewateri 1 
Not sure 41 
5) Which one of the following giant 
clam species is the largest? 
No answer 2 
Food 99 
Shell products (ornamental) 69 
Shell products (domestic use) 31 
Aquarium trade 28 
Tourism  16 
Jewellery (shells and pearls) 15 
Medical uses (e.g. bone replacement) 10 
Construction materials (tiles and roads) 8 
6) List 3 human uses for giant clams, 
historical and/or present?  
Weapons (adzes) and tools 7 
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Cultural uses (churches, ceremonies) 6 
Scientific uses (densitometer standard) 4 
Cosmetics 1 
 
Not useful responses 79 
 
SECTION C: Threats 
Yes 96 
No 4 1) Do you think that giant clam populations are threatened? Not sure 25 
Harvesting (for shell and aquarium trade)  78 
Harvesting (for consumption) 49 
Habitat loss 42 
Industrial and urban pollution 41 
Sedimentation (man-made)  28 
Diseases  14 
Bleaching events 11 
Natural disasters (storms/cyclones) 8 
Tourism (direct contact with giant clams) 6 
Vessel groundings 5 
Sedimentation (natural) 3 
2) If you answered “yes” to the 
previous question, which of the 
following do you think are the three 
most important threats? 
Scientific research 2 
Ocean acidification 7 
Terrestrial runoffs  3 
Increased sea surface temperature 2 3) Are there any other threats you 
can think of? Others (predation, poaching, overfishing, reduced fecundity, low pop densities, long 




SECTION D: Ecological Importance 
1 – Strongly disagree 8 
2 – Disagree 2 
3 – Neutral 19 
4 – Agree  64 
1) Please indicate your level of 
agreement with the following 
statement:  
“Giant clams are an ecologically 
important component of coral reefs.” 5 – Strongly agree  32 
Filtering water 44 
Provide habitats for organisms 30 
Food source (prey) 23 
Contributes to reef structure through 
carbonate budgets 20 
Primary productivity via photosynthesis 17 
Provide substrates for settlement 16 
Food chain (trophic dynamics) 16 
Filter-feeding 15 
Zooxanthellae source/host 11 
Ecological services 11 
Bioerosion 8 
Adding to biodiversity 7 
Ecosystem balance 6 
Nutrient cycling 5 
Contributes to reef complexity 5 
Contributes to reef stabilisation 5 
2) What ecological role(s) do giant 
clams fulfill?  
Aesthetics (Beautify reefs) 4 
 




Figure G1. A pie chart illustrating the percentages of responses from the participants 
of the 12th International Coral Reef Symposium on “What ecological role(s) do giant 
clams fulfill?” 
 
At the 12th International Coral Reef Symposium held in Cairns, Queensland, 
Australia, symposium participants were surveyed for their opinions about the 
ecological significance of giant clams on coral reefs (see Table G1 for the 
questionnaire). All 127 responses were presented in Table G2. 78.29% of 
respondents were inclined to agree that giant clams are ecologically important 
components of coral reefs, while 14.73% and 6.98% of respondents were 
neutral or disagreed respectively. Questionnaire outcomes suggest that giant 
clams were perceived ecologically important, taking up numerous roles on 
coral reefs (Fig. G1). 
 
